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 This thesis deals with the polycrystallization and oxidation mechanism study 
of r.f. sputtered silicon germanium films, Si1-xGex (x = 0.12, 0.28 and 0.46) and their 
application in the formation of Ge nanocrystals embedded in a silicon dioxide matrix.  
The polycrystallization and oxidation study was carried out using various 
techniques such as X-ray diffraction (XRD), Raman spectroscopy and Fourier 
transform infrared spectroscopy as a function of annealing or oxidation time and 
temperature. 
 For dry oxidation, the TEM results revealed a polycrystalline germanium rich 
layer under the growing SiO2. On the other hand, wet oxidation would yield an 
amorphous layer of mixed oxides.  
We had learnt that the state of wet oxidation before rapid thermal annealing is 
crucial in determining if germanium nanocrystals would consequently form. Electrical 
measurements of samples with nanocrystals yielded hystersis while samples without 
nanocrystals showed no hystersis. This indicated that the presence of nanocrystals was 
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Chapter One:  
Introduction 
t has been almost half a century since Gordon Moore wrote the article in 
1965 that contained the observation that we now call Moore’s Law. The 
law dictates that the maximum number of transistors on a semiconductor 
chip doubles roughly every year. However, the challenge for technology to keep up 
with this curve has become more demanding as our circuits approach the sub-100 nm 
domain. In recent years, research interest in the nanotechnology based on Group IV 
semiconductors such as silicon and germanium has escalated; as it is possible to 
modify the structural, electrical and optical properties at such dimensions.   
 
1.1 Background 
 Silicon germanium alloy is an important material for future silicon based 
devices. This is because its preparation technique is completely compatible with 
existing silicon technology for germanium concentration up to 60% [1]. In addition, 
polycrystalline silicon germanium has also been recommended as a substitute material 
for polysilicon in liquid crystal display manufacturing. This is due to the lower 
melting point of germanium (940°C) compared to silicon (1410°C) and the fact that 
the physical properties of Si1-xGex such as grain growth, crystallization and dopant 
activation occur at lower temperatures than polysilicon [1]. The ability to process 
silicon germanium at lower temperature is advantageous because high temperature 
processing is incompatible with the current technology trend on the fabrication of 
submicron integrated circuit devices [1-3]. 
I 
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 Silicon-germanium based devices have shown promising results. These 
include modulation doped field effect transistors, heterojunction bipolar transistors, 
photo detectors and resonant tunneling devices [4, 5]. However, in order to fully 
realize the electronic potential of Si1-xGex films, a good quality oxide has to be grown 
on these layers. As such, there have been papers published on the oxidation of Si1-
xGex films. The resulting system obtained by oxidizing Si1-xGex films is unique. 
Depending on the oxidation temperature, ambient and germanium concentration, 
silicon and germanium based oxides or a germanium-rich layer may form [6]. The 
latter was formed as a result of germanium being rejected during oxidation and thus 
piling up at the Si1-xGex – SiO2 interface. It has been shown that the presence of 
germanium at the silicon-silicon dioxide interface would increase the rate of wet 
oxidation by a factor of ≈ 2.5, while not affecting the rate of oxidation in a dry 
ambient [7]. It has also been determined that the germanium in Si1-xGex alloys has a 
catalytic role during oxidation and serves to enhance the reaction rate while remaining 
unchanged itself [8].  
 The oxidation process of Si1-xGex alloys, coupled with an annealing process, 
can be used to synthesize germanium nanocrystals. A metal-insulator-semiconductor 
(MIS) device that consists of germanium nanocrystals embedded in a novel trilayer 
structure has been proposed for memory applications [9, 10]. Note that the synthesis 
of nanocrystals within the gate dielectric by ion implantation has also been 
demonstrated with silicon, germanium and tin nanocrystals [11, 12]. However, there 
exist limitations in the ion implantation technique. This includes having a minimum 
requirement in the thickness of the control oxide as well as the possibility of 
degrading the oxide quality by the implantation process. Synthesis of germanium 
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nanocrystals via a series of Si1-xGex thermal oxidation steps to build a device has been 
demonstrated [10].  
 
1.2 Research Objectives 
 The aim of this work is threefold. First, to achieve an understanding of the 
crystallization of radio frequency sputtered Si1-xGex films. Both the annealing time 
and temperature would be varied to study their effect on the crystallization process. 
X-ray diffraction and Raman spectroscopy were used to characterize the samples. 
With results of the crystallization of Si1-xGex films in hand, an oxidation study 
on the as-sputtered (amorphous) and polycrystalline Si1-xGex films is carried out. 
Fourier transform infrared spectroscopy would be used to obtain spectra of various 
oxidized samples. The oxidation kinetics of Si1-xGex films were investigated.  
Finally, the knowledge obtained from the oxidation study will be used to study 
on the feasibility of obtaining germanium nanocrystals via dry and wet oxidation of 
amorphous and polycrystalline Si1-xGex films, and the possibility of obtaining memory 
devices by oxidizing the amorphous or polycrystalline Si1-xGex films sandwiched by a 
capping SiO2 and a rapid thermally grown tunnel oxide.  
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1.3 Organization of Thesis 
 This thesis has been organized into major areas of work in order to present the 
research in a sequential and organized manner.  
 In Chapter 2, presents a review on Si1-xGex films. Existing works on the 
crystallization and oxidation of Si1-xGex is reviewed too. This chapter also includes a 
review of Deal and Grove’s thermal oxidation model of silicon and the various 
techniques currently used for synthesis of Ge nanocrystals. 
 The various experimental techniques used in this work would be discussed in 
Chapter 3. This would, amongst others, include the X-ray diffraction and the Raman 
spectroscopy techniques.  
 Chapter 4 covers the various steps used for sample preparation. These include 
the cleaning processes for the substrate and the sputtering technique used for Si1-xGex 
film deposition.  
 The findings of this work are discussed in Chapters 5 - 7. Chapter 5 presents 
the results from the study of polycrystallization of undoped silicon germanium films, 
obtained using X-ray diffraction and Raman spectroscopy. Chapter 6 focuses on the 
oxidation mechanism of Si1-xGex films. Characterization of the oxide grown from Si1-
xGex films was carried out too. Finally, the growth of germanium nanocrystals via 
oxidation of Si1-xGex films was explored in Chapter 7 and a possible application in 
memory devices is investigated.  




Chapter Two:  
Theoretical Background 
 
his chapter gives a literature review of the preparation techniques used 
for Si1-xGex films. This includes preparation by the molecular beam 
evaporation, chemical vapour deposition and r.f. sputtering. Reports on 
solid phase epitaxy of Si1-xGex films will be presented in Section 2.2. In Section 2.3, 
the effect of germanium content in the film, oxidation ambient and temperature on the 
oxidation behaviour of Si1-xGex films are examined. Finally, the thermal oxidation 
model of silicon is presented and various germanium nanocrystal synthesis techniques 
discussed.  
 
2.1 Preparation Techniques of Silicon Germanium 
The as-deposited Si1-xGex films may be amorphous, polycrystalline or single 
crystalline and they may be prepared using a variety of preparation techniques. These 
techniques may be broadly classified under three categories, namely: molecular beam 
deposition, chemical vapour deposition and radio frequency sputtering. These 
techniques would be elaborated on in the following sub-sections. 
 
2.1.1 Molecular Beam Deposition 
Molecular beam deposition (MBD) has been used by several authors as the 
technique for the deposition of Si1-xGex films. Kim et al. [13] showed that the 
temperature of the substrate during the MBD process would affect the structure of the 
T 
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deposited film. It may vary from being single crystalline, amorphous, polycrystalline 
or mixed. Using low temperature (250OC) molecular beam epitaxy deposition, 
amorphous thin films were prepared by Edelman et al. for crystallization and 
decomposition studies [14-16]. Similarly, Hwang et al. used MBD for the deposition 
of their amorphous films on SiO2 to study the solid phase crystallization behaviour of 
such films [17].  
 
2.1.2 Chemical Vapour Deposition 
There are several chemical vapour deposition (CVD) techniques, which may 
be used for the deposition of silicon germanium films. They are the low pressure 
CVD (LPCVD) [18-26], ultra high vacuum CVD (UHV-CVD) [27,28] and plasma 
enhanced CVD (PECVD) [29,30] and rapid thermal CVD (RTCVD) [31].  
Of these techniques, LPCVD is the most widely used method. It is probably 
due to the fact that it is commonly used in integrated circuit processing for depositing 
gate electrodes, dielectrics and metals [21]. In addition, LPCVD is capable of 
depositing silicon germanium films in both amorphous and polycrystalline form, 
depending on the temperature and pressure used during deposition. When compared 
with polysilicon, the resultant grain size and defect density for polycrystalline silicon 
germanium has been shown to be superior [18-21]. Hence, this has been the technique 
of choice for several authors. Using silane (SiH4) and germane (GeH4) in a 
conventional hot wall LPCVD system, Si1-xGex films were deposited by King et al. 
[20]. Cao et al. [21] have also used LPCVD films in their characterization and 
modeling of film deposition process.  Hellberg et al. [19] used the LPCVD films for 
the oxidation study of polycrystalline Si1-xGex samples.  Note that the choice of 
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reactant gas may be varied. For example, Olivares et al. [26] used Si2H6 instead of 
SiH4 as one of the reactant gases in their film deposition. 
2.1.3 Radio Frequency Sputtering 
The radio frequency (r.f.) sputtering technique is deemed to be more 
environmentally friendly than the CVD technique [32]. Furthermore, sputtering is 
advantageous as it involves lower deposition temperatures and thus, low thermal 
budget too. However, the technique does have its inherent disadvantages such as  
slower deposition rate and the trapping of oxygen and argon in the film. The trapping 
of such gases would result in poorer film quality and would limit the usefulness of 
such films [33]. Nevertheless, this technique has been used by several authors for the 
deposition of polysilicon films.  
Serikawa et al. [34] had successfully prepared Si-TFTs using r.f. sputtering. 
The effect of film thickness on crystallization and the electrical properties of sputtered 
silicon film were reported by Jelenkovic et al. [35]. The properties of furnace 
crystallized sputtered polycrystalline films had been studied by Sun et al. [36].  
Ishidate et al. have studied the vibrational properties of Si1-xGex films using Raman 
spectroscopy [37]. Jelekovic et al. have also studied the properties of furnace 
crystallized sputtered Si1-xGex films [35].  
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2.2 Solid Phase Crystallization of Silicon Germanium films 
The MBD or the CVD techniques may be used to obtain polycrystalline samples. The 
deposition temperature, when kept under the transition temperature of the deposited 
material, would result in larger grain size after the as-deposited samples were 
crystallized [38, 39]. This method requires the annealing of the amorphous film at 
elevated temperatures. The constituent atoms in the film can then have sufficient 
thermal energy to migrate by diffusion to the lowest energy site in the lattice and form 
polycrystalline film. 
 
2.2.1 Furnace Annealed Films of Silicon Germanium films 
It was observed that furnace annealing can produce polycrystalline silicon 
germanium films at reduced crystallization temperature, nucleation time and 
crystallization time, as compared to polysilicon. This effect is more marked in films 
with higher germanium content. This is due to the lower melting point of germanium 
(940°C) compared to silicon (1410°C) which resulted in a lower melting point and 
crystallization temperatures for Si1-xGex films as compared to polysilicon [1, 30]. 
It was shown by Jelenkovic et al. that with increasing germanium content in 
r.f. sputtered Si1-xGex films of thickness between 560 nm to 650 nm, crystallization 
required a shorter incubation time than silicon [40]. The Si1-xGex films were 
completely crystallized after furnace annealing at 550°C for 24 hours in N2 ambient. 
Under such annealing conditions, amorphous silicon film would still be amorphous. 
Similar results were observed by Olivares et al. [26].  
Chapter 2                                                                                               Theoretical Background 
 9 
 Kim et al. [28] have also reported that their MBE deposited Si1-xGex films 
were completely crystallized after annealing for 25 hours at 550°C. King et al. had 
also reported a similar observation [18]. 
 Hwang et al. reported that when the Si1-xGex films were annealed at 600°C, 
films with higher germanium content would have a shorter incubation time [17]. They 
observed that their Si0.86Ge0.14 films began to crystallize after 5 hours while their 
Si0.66Ge0.34 films started to crystallize after annealing for only 30 minutes. Tsai et al. 
suggested that the presence of germanium in the film would help to enhance the SPC 
process by lowering the activation energy for nucleation [30]. This would improve the 
rates of nucleation, crystallization and grain growth. Edelman et al. reported that the 
activation energy required for their Si0.91Ge0.09 films  and Si0.46Ge0.54 films were 2.88 
eV and 2.16 eV respectively [41]. This means that the samples with a higher 
germanium content would have a shorter incubation time or faster crystallization 
rates. 
 
2.2.2 Rapid Thermal Annealing of Silicon Germanium films 
Rapid thermal annealing (RTA) is a technique to control heating of wafers for 
a short time period between 1 x 10-8 to 1 x 102 seconds. This method may be used to 
repair damaged lattices while preventing the redistribution of dopants. As the time 
period used is relatively short, it minimizes the thermal budget too.  
Both RTA and furnace annealing were employed by Rem et al. in their 
investigation on polycrystallisation of Si1-xGex [24]. The RTA recipes used involved a 
constant power supply anneal at 700°C for 60 seconds, and a pulsed anneal step with 
1-20 heat pulses at 750°C for 1 second each. Their resulting Si0.75Ge0.25 film had an 
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average grain size of 300 nm. As compared to furnace annealed films, the RTA films 
were reported to have less defects. They also showed that polycrystalline Si1-xGex 
films have similar nucleation and crystallization behaviour as polysilicon films [24]. 
Arai et al. reported a difference in the activation energy of the grain growth 
between furnace annealing and RTA processes [42]. They noted that the nucleation 
and crystallization processes at low temperatures were dependent on the heating rate 
and the annealing duration. These factors are expected to influence the microstructure 
of the crystallized film. 
The field effect mobility obtained from TFTs fabricated on RTA films (20 
cm2V-1s-1) was shown to be higher than samples, that were furnace annealed (12 
cm2V-1s-1). This was in spite of the RTA films having a smaller grain size (50 nm) 
compared to the furnace samples (110 nm). This contradicted the expectation that 
with larger grain size, higher mobility of the TFTs would result. Serikawa et al. [34] 
suggested that factors other than grain size, such as microstructure of the films (grain 
boundaries and bulk) and the grain quality could also affect its electrical properties. 
The structure and morphology of polysilicon films deposited on glass and 
annealed using a conventional furnace and by RTA were studied by Haji et al. [43]. It 
was observed that large elongated crystallites with ellipsoidal form were formed with 
multiple (111) twins appearing at the center of the grains running along the crystallite 
for samples which were RTA at 600°C. The presence of these twins in the crystallized 
grains suggested that carrier recombination may occur within the grains or at the grain 
boundaries and resulted in a reduction of effective mobility. Thus, due to the presence 
of such defects, grains with large nominal size may be equivalent to grains with small 
effective size. The group had also noted that both the grain size and microtwin density 
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were reduced when the RTA temperature was increased. On the other hand, furnace 
annealing resulted only in a reduction of defect density with minimal effect on the 
grain size. Thus, it was suggested that furnace annealing at 600°C may be used to 
grow large grains. However, these grains would be defective and a subsequent RTA 
step at 850°C for 1 min would eliminate the microtwins in the grains [43].  
The work was extended by Girginoudi et al. [44] who used multiple 
successive steps of 5 x 30 seconds for the RTA process, after annealing the silicon 
film in a conventional furnace for 6 hours at 600°C. They reported that the resulting 
films had large grain size with low intra-grain defect densities. The decrease in 
polysilicon grain size with increasing RTA temperature was ascribed to homogeneous 
nucleation, where a large number of nuclei are activated at high temperature [44]. On 
the other hand, heterogeneous nucleation, in which small numbers of nuclei are 
activated, would take place during crystallization at low temperatures. This would 
result in crystallization via microtwins – a faster process and lead to the formation of 
large grains that have large number of defects. This explains the observations of Haji 
et al. [43]. Yamauchi et al. pointed out that SPC would involve competition between 
nucleation and grain growth [45]. Therefore, in order to obtain large crystal grains, it 
would be necessary to suppress nucleation. This could be achieved by low 
temperature annealing but the resulting incubation time would increase and the grain 
growth rates would decrease. This leads to increased crystallization time [46]. 
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2.3 Oxidation of Silicon Germanium Films 
Conventional silicon technology is firmly entrenched in the fabrication of 
electronic circuits today. As such, for the successful introduction of Si1-xGex alloys 
into present silicon technology, it is necessary to preserve the advantages of the latter. 
These include the ease of obtaining good quality oxide for the gate dielectric, 
passivation layer, masking layer as well as for isolation. Furthermore, for TFT 
applications, a high quality thin gate oxide would have to be grown over the 
polycrystalline Si1-xGex films. Thus, there have been studies focused on the oxidation 
of Si1-xGex films. Various oxidation conditions, including the oxidation time and 
temperature have been investigated along with variation in the germanium 
concentration of the film.  
 
2.3.1 Effect of Germanium concentration on Oxidation Behaviour 
For films with low germanium content, i.e. x < 0.20, that were oxidized at 
temperatures higher than 800°C, pure SiO2 forms. This occurs regardless of dry or 
wet ambient used during oxidation [7,47,48]. However, if the oxidation temperature 
for such films took place at lower temperatures equal or less than 700°C, uniform 
SiGeO2 would form. In addition, the ratio of silicon to germanium in the oxide would 
be preserved [6,49].  
Kang et al. investigated the oxidation behaviors of polycrystalline Si1-xGex 
films deposited using ultrahigh vacuum CVD [50]. Films with 15% and 42% Ge were 
prepared and oxidized in a conventional furnace with a wet oxygen ambient. It was 
observed that the germanium content in the oxide layer and oxidation rate increased 
with the increased germanium content. Further, it was learnt that the germanium 
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content in the oxide layer decreased when the oxidation temperature increased from 
700°C to 800°C [50]. 
Liou et al. [51] carried out dry oxidation of MBE Si1-xGex films at 880°C. It 
was shown that for Si1-xGex films with germanium concentration below 50%, silicon 
was preferentially oxidized and only a single germanium rich layer would be formed 
at the oxide/substrate interface. On the other hand, for films with germanium content 
above 50%, two germanium rich layers formed after oxidation. One of the germanium 
layer was at the oxide/substrate interface while the other was at the oxide’s surface 
region [51]. 
 A similar study was carried out at 900°C but in a wet oxidation ambient. 
Silicon germanium alloys films of different compositions, between 25% and 75% 
were prepared by MBE and subsequently oxidized [48]. It was reported that for films 
with less than 50 at. % of germanium, the oxide formed was pure SiO2 and a 
germanium pile-up formed at the SiO2/SiGe interface. However, for samples 
containing germanium above 50 at. %, it was observed that two layer oxides were 
formed; consisting of a mixed (Si, Ge)O2 layer near the surface and a pure SiO2 layer 
underneath [48]. 
Hellberg et al. carried out oxidation study of CVD deposited polycrystalline 
Si1-xGex films with various germanium compositions in pyrogenic steam at 800°C 
[22]. It was observed that the oxidation was enhanced by the presence of germanium 
and that the enhancement effect was more marked in samples richer in germanium. 
The team reported that for films with x = 0.3, rejection of germanium would occur 
and the germanium would pile-up at the interface between the growing SiO2 and the 
remaining Si1-xGex. However, for films with x > 0.5, a mixed oxide in the form of 
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(Si,Ge)O2 or SiO2-GeO2 would form at the sample surface [22]. Thus, despite the 
difference in the Si1-xGex deposition method and oxidation temperature used by 
Hellberg et al. [22] and Eugene at al. [48], the conclusions for oxidized films with x > 
0.5 were similar.  
 
2.3.2 Effect of Oxidation ambient on Oxidation Behaviour 
The ambient used for oxidation, i.e., dry or wet, affects the oxidation 
characteristics of Si1-xGex films. For silicon germanium samples deposited by ultra-
high vacuum CVD and subsequently oxidized in steam at 800°C, it was reported that 
the presence of germanium at the SiO2/Si interface would increase the rate of wet 
oxidation by a factor of 2.5. However, the rate of dry oxidation was unaffected [7]. A 
similar conclusion was reached by Hellberg et. al [22]. It was observed that the 
oxidation rate of Si1-xGex in a dry atmosphere was similar to that for pure silicon. In 
contrast, the oxidation rate was be enhanced in a wet atmosphere. 
It was reported that for alloys with germanium content below 40 at. %, and 
oxidized at temperatures above 800°C, nearly pure SiO2 would be obtained for both 
dry and wet oxidation ambients. Furthermore, the germanium would be rejected from 
the oxide and pile up at the oxide/film interface in the epitaxial layers [7, 47, 48].  
 
2.3.3 Effect of Oxidation Temperature on Oxidation Behaviour 
The temperature at which the Si1-xGex films is oxidized would affect the 
oxidation behaviour. Park et. al had investigated the wet oxidation kinetics of Si1-xGex 
(x = 0.10, 0.20, 0.28 and 0.47) films, that were deposited in an electron beam 
evaporator [6]. It was shown that at temperature lesser or equal than 700°C, a uniform      
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Si1-xGexO2 would form. However, at higher temperature, SiO2 would form for samples 
with low germanium content along with a Si1-xGexO2 oxide layer. Germanium would 
pile up behind the oxide when SiO2 or Si1-xGexO2 forms [6]. 
It was also reported that for oxidation temperature below 700°C, uniform Si1-
xGexO2 would formed with the same Si:Ge ratio as the alloy [6, 49]. It was suggested 
that at such temperatures, the diffusion rate may be slow enough to limit the supply of 
silicon. As such, silicon and germanium atoms were frozen in place, leaving the 
oxidant as the only mobile species. Hence, this resulted in the formation of GeO2. It 
has been proposed that formation of volatile GeO would not occur. Thus, the total 
amount of germanium is conserved during oxidation [6]. 
However, when the samples were oxidized at temperature greater than 800°C, 
germanium would be rejected from the oxide and pile up at the oxide/film interface 
[7, 47, 48]. It was hypothesized that at higher oxidation temperatures, the diffusivities 
of the alloy species rise more rapidly than the diffusivity of the oxidant. As a result, 
the thermodynamically favourable SiO2 formation occurs because germanium begins 
to be excluded from the oxidation and would accumulate at the alloy/oxide interface 
[7, 47, 48]. 
 From the preceding review, it has been highlighted that the oxidation 
behaviour of Si1-xGex is greatly dependent on several parameters. The effect of 
germanium content and oxidation temperature for wet oxidized Si1-xGex films has 
been summarized by Park et. al. [6] and the oxide types obtained are as shown in 
Figure 2.1.  
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Figure 2.1: Resulting system formed due to Ge content and temperature 
Clearly, by controlling the oxidation ambient, temperature and the germanium 
content in the film, various oxide types may be formed. This knowledge is useful as 
we attempt to oxidize Si1-xGex films to form mixed oxides and later used the mixed 
oxides in forming germanium nanocrystals. 
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2.4 Thermal Oxidation of Silicon 
The thermal oxidation model for crystalline silicon is being discussed here as 
we may used it to explain the oxidation for Si1-xGex films.  
The system considered is shown in Figure 2.2. It shows the silicon substrate 
covered by an oxide layer, which is in contact with the gas phase [52]. 
 
Figure 2.2: Model for thermal oxidation of silicon 
It was proven that the oxidation proceeded by the inward movement of the 
oxidizing species as opposed to the outward movement of silicon. The transported 
species would have to go through three stages, as follows: 
i. Transportation from the bulk of gas-phase to the gas oxide 
interface with flux, F1, 
ii. Transportation of the oxidizing species across the existing oxide 
film, with flux, F2, 
iii. Reaction at the Si-SiO2 interface with the silicon, with flux F3. 
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In this model, the number of atoms or molecules crossing a unit area in a unit 
time was denoted as the flux. During the steady state, F1 = F2 = F3. As such, the gas 
phase flux, F1, could be approximated linearly by assuming that the flux of oxidant 
from the bulk of the gas phase to the oxide interface is proportional to the difference 
between the oxidant concentration in the bulk of the gas, CG, and the oxidant 
concentration adjacent to the oxide surface, CS: 
 )(1 SGG CChF −=  (2.1) 
where hG represents the gas-phase mass transfer coefficient. 
 The Henry’s Law was used to relate the equilibrium oxidizing species 
concentration in the oxide to that in the gas phase: 






where CO is the equilibrium concentration in the oxide at the outer surface, C* is the 
equilibrium bulk concentration in the oxide, pG is the partial pressure in the gas’ bulk, 
pS is the partial pressure in the gas adjacent to the oxide surface and H is the Henry’s 
Law constant. 
 It was noted that Henry’s Law was applicable only in the absence of 
association or dissociation of the oxidant at the outer surface. As such, it was assumed 
that the oxidants moving through the oxide were molecular O2 and H2O for dry-
oxygen and wet-oxygen respectively. 
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Using Henry’s Law with the ideal gas law: 
)( 0
*
1 CChF −=  
(2.4) 
where h is the gas-phase mass transfer coefficient in terms of concentration in the 






 Oxidation is a non-equilibrium process. Its driving force stems from the 
deviation of concentration from the equilibrium. The flux of the oxidizing species 
across the oxide is taken to follow Fick’s law at any point, d, in the oxide layer. Based 











where D is the diffusion coefficient, Ci is the oxidizing species concentration in the 
oxide adjacent to the oxide-silicon interface, and d0 is the oxide thickness. 
 It was assumed that the flux corresponding to the Si-SiO2 interface reaction is 
proportional to Ci, 
 isCkF =3  (2.7) 
where ks is the rate constant of the chemical surface reaction for silicon oxidation. 
 Upon application of the steady state condition, i.e. F1 = F2 and F2 = F3, 
simultaneous equations would be obtained. They may then be solved to obtain 
























































 The number of oxidant molecules incorporated into a unit volume of the oxide 






















 In order to arrive at a general initial condition to Equation (2.11), the total 
thickness of the oxide was considered to be made up of the following: 
i. An initial oxide layer present before oxidation, di 
ii. Subsequent oxide growth on di during oxidation 
Therefore, the ensuring initial condition at t = 0 is: 
idd =0  (2.12) 
Using the initial condition in Equation (2.12), the Equation (2.11) may be solved by 
integration. The solution is a mixed linear-parabolic relationship as: 
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In order to adjust the time coordinate for the presence of the initial layer of oxide, di, 
the variable, τ, was introduced. 
 When Equation (2.13) was solved for d0 as a function of time, the following 


























 Two limiting cases of Equation (2.17) for different oxidation times may then 
be considered. They would be further elaborated on in the following sub-sections. 
 It was noted that the model is generally valid for oxidation temperatures of 
7000C – 13000C, partial pressure between 0.2 atm and 1.0 atm, and oxide thickness 
between 300Å- 20000Å for oxygen and water ambient. 
 
2.4.1 Diffusion Limited Case 
For long oxidation times, such that: t >> τ and t >> (A2/4B), Equation (2.13) 
would be reduced to: 
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Btd =20  
(2.18) 
Equation (2.18) is the parabolic law, where B is the parabolic rate constant. It also 
represents the diffusion-limited case.  
 
2.4.2 Reaction Limited Case 
For short oxidation times, such that: t + τ << (A2/4B), Equation (2.13) would 







Equation (2.19) is the linear law, representing the reaction-limited region. The term 
B/A, is the linear rate constant and it has the following form: 




















 This region constitutes the reaction-limited region. The possibility of applying 
the linear law to the oxidation of Si1-xGex films for short oxidation times would be 
explored in Section 6.3. 
 
2.4.3 Temperature Dependence for Linear Rate Constant 
The expression for the linear rate constant was given in Equation (2.20). Of 
the terms in the equation, only the reaction rate constant, ks, is influenced by 
temperature. It has been shown that for most reactions, ks would have the following 
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where A is the pre-exponential factor, EA is the activation energy of the reaction, k is 
the Boltzmann constant and T is the absolute temperature in Kelvin. As a result of the 
relative magnitude of k and h in the Equation (2.20), the linear rate constant, B/A, 












This exponential dependence between the linear rate constant and temperature has 
been verified for the thermal oxidation of crystalline silicon. 
 The verification of Equation (2.22) for the thermal oxidation of Si1-xGex films 
would be attempted. Equation (2.22) was expressed in its alternative form: 











 The graph of ln (B/A) against (1/T) would be plotted. Should a straight line be 
fitted through the data points, it would mean that Equation (2.22) is applicable for the 
thermal oxidation of Si1-xGex films. The attempt would be elaborated in Section 6.5.  
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2.5 Germanium nanocrystals: Synthesis & Characterization 
Various means have been explored to synthesize nanocrystals. Several 
techniques have been used successfully to characterize them. These would be 
presented in this section. 
  
2.5.1 Synthesis of Nanocrystals 
The following are the various means for synthesizing nanocrystals, not 
specifically germanium ones: 
i. Ion implantation, followed by annealing [53 - 56]. 
ii. R.f. co-sputtering, followed by annealing [9, 57-62]. 
iii. Chemical vapour deposition followed by annealing [63]. 
iv. Sol-gel method [64] 
v. Pulsed laser deposition [65]. 
vi. Cluster beam deposition [66]. 
vii. Inert gas condensation [67]. 
viii. Oxidation of germanium thin films [68, 69] 
ix. Oxidation of silicon germanium films [10, 70]. 
Much of the initial work had been focused on the first two techniques due to 
their ease of use as well as their compatibility with modern integrated circuit 
technology. However, King et al. have demonstrated recently the fabrication of a 
device with germanium nanocrystals via oxidation of silicon germanium [10]. 
However, the method employed by King et al. involved several complicated process 
steps. Hence, it would be of interest to explore the possibility of obtaining germanium 
nanocrystals via oxidation of Si1-xGex in a more simplified matter.  
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2.5.2 Characterization Techniques for Germanium nanocrystals 
The common characterization techniques for the study of germanium 
nanocrystals include the following: 
i. Structural characterization 
ii. Optical characterization 
iii. Electrical characterization 
 For structural characterization, the most popular technique is the high 
resolution transmission electron microscopy. This is due to its ability to resolve each 
nanocrystal and its lattice fringes. X-ray diffraction as well as Raman spectroscopy 
have also been employed to examine the size and structure of nanocrystals.  
 For optical characterization, photoluminescence has been used frequently to 
investigate the role of quantum confinement of the germanium nanocrystals. 
Catholuminescence and electroluminescence have been used as excitation sources for 
optical characterization too. 
 Comparatively lesser work had been done to examine its electrical 
characteristics. Suitable electrical characterization would be capacitance-voltage and 
current-voltage measurements.  




Chapter Three:  
Techniques of Analysis  
 
everal structural analysis techniques were used in this work. This included 
the X-ray diffraction, Raman spectroscopy and  Fourier transform infrared 
spectroscopy and transmission electron microscopy techniques. 
  
3.1 X-Ray Diffraction 
A powerful, yet non-destructive and strain sensitive technique which may be 
used for the structural analysis of crystalline and polycrystalline layers would be X-
ray diffraction (XRD). The underlying principle of XRD is that diffraction by a 
crystal could only be possible if the wavelengths of the x-rays are of the same order of 
magnitude as the distances between the atoms or ions in the crystal.  
A crystal would diffract an x-ray beam passing through it and produce beams 
at specific angles. This angle is dependent on the wavelength of the x-ray, crystal 
structure and the crystal orientation. X-rays are predominately diffracted by electron 
density and analysis of the diffraction angles produces an electron map of the crystal. 
When a crystal sample is placed in a simple x-ray diffractometer, a primary x-ray 
beam passing through a slit would be incident on the crystal sample. The crystal may 
then absorb, transmit or diffract part of this primary beam. The diffracted part of the 
beam would be governed by Bragg’s law of diffraction as 
θλ sin2 hkldn =  (3.1) 
S 
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where θ  is the angle which the incident beam makes with the reflecting lattice plane, 
λ is the x-ray excitation wavelength and dhkl is the interplanar spacing for a particular 
set of crystal planes identified by their Miller indices (h, k, l). The diffracted beam 
may be captured by a suitably placed detector. 
 
3.2 XRD Spectra of Polycrystalline Silicon Germanium 
Polycrystalline silicon germanium film has a diamond cubic crystal structure, 
which would produce a series of diffraction peaks in the XRD spectra [13, 17, 18, 26, 
32, 40]. Each of these peaks would lie between the two extremes that are the 
corresponding peaks of polysilicon and poly-germanium; with its exact position 
determined by the relative silicon and germanium concentrations. A typical XRD 
spectrum for polycrystalline Si1-xGex film is presented in Figure 3.1 [18].  
 
Figure 3.1: Typical XRD spectrum for poly-Si1-xGex film for 2θ < 800 
On the 2θ axis of the spectrum, the peaks are located at 28°, 47°, 55°, 68° and 
75° and they correspond to the (111), (220), (311), (400) and (331) oriented crystal 
grains within the Si1-xGex sample. These multiple diffraction peaks and their 
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significant linewidth are evident of the polycrystalline nature of the material. 
However, the higher order diffraction peaks of (400) and (331) tend to be too weak to 
be of any significant value for analysis. The degree of crystallization of r.f. sputtered 
Si1-xGex films with different germanium content was monitored using the intensity of 
their (111) XRD diffraction peak by Jelenkovic et al. [40]. It was determined that with 
increased duration of annealing, the diffraction peak intensity increased. This implied 
an increased degree of crystallization. Once the crystallization process was completed, 
the intensity of the diffraction peak was observed to saturate. These observations were 
made by other researchers too [17, 18, 26, 30].  
The XRD spectra of poly-Si1-xGex films may be used to obtain information 
about the grain size, film texture and various lattice parameters may be calculated.  
 
3.3 XRD Linewidth Analysis 
The XRD profile is a convolution of physically broadened profile with the 
instrumentally broadened profile. Thus, the broadening of the linewidth in a XRD 
spectrum may be attributed to these two components - physical and instrumental 
broadening effects. The contributions for these effects are to be isolated before 
meaningful data may be extracted from the spectrum. 
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3.3.1 Linewidth Broadening due to Physical Effects 
There are two contributions to physical linewidth broadening, namely the size  
and strain effects. The former is due to the presence of grains, small angle boundaries, 
twins and stacking faults within the material while the latter is due to line and point 
defects. It is noted that size effect is independent of the diffraction angle while strain 
effects are dependent on it [71, 72]. 
The average coherent diffracting domain size is given by: 
<D>V = 1/ β s (3.2) 
where <D>v is the volume weighted diffraction domain size, β s is the integral breath 
due to the size effect. 
 Further, strain effect may be expressed as: 
e = β D / (2s) (3.3) 
where e is the maximum strain and β D is the integral breath due to the strain effect. 
Both equations (3.2) and (3.3) are expressed with respect to the s axis with s being 
defined as: 
s =( 2 sinθ ) / λ  (3.4) 
where θ is the diffraction angle and λ is the radiation wavelength. 
 The linewidth or the integral breadth, β, may be defined as: 
β  = [ β (2θ ) cosθ ] / λ  (3.5) 
 
3.3.2 Linewidth Broadening due to Instrumental Effects 
Instrumental broadening effects may be modeled using an exact Voigt 
function. The summation of the integral breadths of the Cauchy parts and the squares 
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of the Gauss parts would yield the convoluted spectrum of the instrumental and 
physically broadened profiles. These are as expressed in Equations (3.6) and (3.7). 
 
β C = β CS + ( β CD s2 ) / so2 + β CI (3.6) 
β G2 = β GS2 + ( β GD2 s2 ) / so2 + β GI (3.7) 
where β CI  and β GI are the integral breaths of the Cauchy and Gauss parts of the 
Voigt function for the instrumental broadening respectively; β CS and β GS of the 
Cauchy and Gauss parts of the Voigt function for physical broadening due to size 
effects respectively; β CD and β GD are the integral breaths of the Cauchy and Gauss 
parts of the Voigt function physical broadening due to strain effects respectively.  
In order to determine instrumental broadening correctly, the material used 
should possess the same crystal structure as the film to be measured [36, 37]. 
 
3.3.3 XRD Analysis Methods  
There are three widely used analysis methods for XRD, namely the integral 
breadth, the double voigt and the dominant size effect methods. These would be 
discussed in the following sub-sections. 
 
3.3.3.1 Integral Breadth method 
The integral breadth method is the simplest and hence, the most widely used 
method for linewidth analysis. However, the drawback is that the resulting estimates 
are often inaccurate.  
The method requires the fitting of Cauchy or Gauss function for both the size 
and strain broadened profiles [72]. Thus, the various combinations which may be used 
Chapter 3                                                                                                Techniques of Analysis 
 31 
for the fitting are the Cauchy-Cauchy, Cauchy-Gauss and Gauss-Gauss functions 
which are stated as Equations (3.8), (3.9) and (3.10), respectively. 
β C-C = 1 / <D>V + 2es (3.8) 
β C-G = 1 / <D>V + 4e2s2 / β C-C (3.9) 
β G-G = 1 / <D>V2 + 4e2s2 (3.10) 
 
3.3.3.2 Double Voigt method 
It is noted that both the size and strain broadening effects are usually present 
simultaneously in most diffraction profiles. Thus, there is difficulty in isolating each 
effect as suggested by the integral breath approach. The double Voigt method instead 
proposed that the physically broadened line profile may be fitted by a convolution of 
the size and strain broadened profiles [72]. The size broadened profile would be 
accounted by the Cauchy function while the strain broadened profile would be 
accounted by the Gauss function. Therefore, a good approximation to the physically 
broadened profile would be the Voigt function, which is a convolution of the Cauchy 
and Gauss functions [71].  
The Voigt function may be described by the Cauchy (C) and Gaussian (G) 
integral breaths, each containing the size (S) and strain (D) contributions: 
β C = β CS + ( β CD s2 ) / so2 (3.11) 
β G2 = β GS2 +( β GD2 s2 ) / so2  (3.12) 
where ( β CD s2 ) / so2 and ( β GD2 s2 ) / so2 are constants for the pattern and taken for 
the first diffraction peak. The Gauss function serves to describe the strain distribution. 
 The surface weighted <D>s and the volume weighted <D>v diffraction domain 
sizes, and a mean square strain averaged over a column length perpendicular to the 
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diffracting planes L, <ξ 2(L)>, may be evaluated from the equations (3.11) and 
(3.12). They are given as: 
<D>S = 1 / (2 β CS) (3.13) 
<ξ 2(L)> = [ β GD2 / (2π ) + β CD / (π 2 L)] / so2 (3.14) 
<D>V = exp(k2) erfc(k) / β GS (3.15) 
where erfc is the complementary error function and k represents the characteristic 
integral breath ratio of the size broadened Voigt profile. 
 
3.3.3.3 Dominant Size effect  
The fitting of the Voigt function may be tedious due to the complicated nature 
of the function. In cases where the size effect is more dominant than the strain effect, 
the diffraction domain size may be determined using the following [36, 73]: 
D =( Kλ ) / ( β cosθ )  (3.16) 
where K is a constant to account for the geometry of crystallite and is usually close to 
unity (~ 0.9). β is the corrected FWHM of the XRD peak after a Cauchy profile was 
fitted. 
 To correct for instrumental broadening, the following equation may be used 
[36]: 
β = FWHM – Broadening (3.17) 
 The advantage of this method over the double Voigt method is that it allows 
the extraction of diffraction domain size for different diffraction planes. This is 
opposed to the latter which allow only the determination of overall average grain size 
and its distribution. 
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3.3.4 Size of Grains   
Using XRD and TEM, the grain size of poly-Si1-xGex films may be 
determined. These methods are widely used in literature and ought to be discussed 
jointly. 
Sedky et al., whose poly-Si1-xGex films were deposited using atmospheric 
pressure CVD (APCVD) and reduced pressure CVD (RPCVD), determined that the 
as-deposited polycrystalline APCVD and RPCVD films exhibited dominant grain size 
along the (220) diffraction plane. Using the XRD linewidth analysis, they evaluated 
the grain sizes to be 120 nm and 70 nm for their APCVD and RPCVD films, 
respectively. As for the randomly oriented part of the film, which manifests in the 
other diffraction lines in XRD, the scattering domain was calculated to be 16 nm for 
APCVD and 50 nm for the RPCVD films. When subjected to annealing, it was shown 
that the RPCVD samples were unaffected while the orientation preference of the 
APCVD samples was changed. In addition, the grain size of the random phase had 
increased from 16 nm to 150 nm.  
Boron-doped sputtered poly-Si1-xGex films were investigated by Jelenkovic et 
al. [32]. From their XRD analysis, the average grain size was determined to be 
relatively small - about 20 nm. It was suggested that the presence of the dopant – 
boron, resulted in the formation of multiple nucleation sites and hence smaller grains. 
This is due to boron’s ability to enhance homogenous nucleation and retard grain 
growth. 
A similar observation was made by Li et al. [31] on their RTCVD boron 
doped poly-Si1-xGex films. Li et al. also showed that with increased germanium 
content in their samples, the grain size increased. This was attributed to the higher 
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mobility of Ge atoms, which contributed to larger grain growth in high germanium 
content samples [31, 32]. 
The LPCVD poly-Si1-xGex films characterized by King et al. using TEM 
showed that their samples displayed equiaxed grain structure [18]. Grain size was 
observed to have increased with germanium content; namely, from 50 nm to 350 nm 
as x increased from 0 to 0.56. Another XRD study by Olivares et al. showed that for 
films with more than 30% germanium content, the (111) and (220) oriented grain size 
increased to 500 nm [26]. The increase of grain size with germanium content had also 
been made by Tsai et al. [30]. When germanium content increased from x = 0 to x = 
0.31, the grain size was calculated to have increased from 0.40 µm to 0.87 µm. This 
was 3 times larger than the grain size of films deposited using plasma enhanced low 
pressure CVD. It was suggested that plasma processes were inclined to generate 
higher concentration of homogenous nucleation, which led to smaller final grain sizes. 
Tsai et al also proposed that the SPC process would be enhanced by the presence of 
germanium, leading to higher rates of grain growth.  
Hwang et al. [17], however, observed a decrease in grain size for their MBD 
films with increased germanium content, i.e. films with x = 0.53 yielded grain size of 
1 µm while films with x = 0 yielded grain size of 5 µm. Yu et al. also reported a 
similar trend, in that the grain size for the poly-Si0.77Ge0.23 films was smaller than 
poly-Si0.64Ge0.36 samples [73]. Olivares et al. reported that, for LPCVD deposited 
amorphous Si1-xGex films, only films with germanium content less than 30% produced 
grains of substantial sizes (0.4 µm for poly-Si0.63Ge0.37 compared to 1 µm for 
polysilicon films).  
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3.4 Raman Spectroscopy 
The characteristics of thin films, such as its chemical composition and 
structure, may be determined with Raman spectroscopy. It is a contactless and non 
destructive technique which can yield information with a high degree of experimental 
simplicity [74]. The wavelength and intensity of inelastically scattered light from 
molecules or solids may be measured as Raman scattered light. This occurs at 
wavelengths which are shifted from the incident light by molecular vibration. As only 
one in a million photons will scatter with shifted frequencies, the effect is weak. As 
each type of bond has a characteristic Raman shift, film characteristics may be 
determined by comparing with known Raman shift values.  
Raman scattering may be explained using a diatomic molecule model, which 
may be extended to a multi-atomic molecule or other solids [75]. Consider light that is 
incident on the diatomic molecule with electric field, (ε ), as: 
ε  = ε o cos ω t (3.18) 
Due to the polarization of the bond, the molecule will oscillate as a result. The 
induced dipole moment,µ , would be: 
µ  = αε  (3.19) 
where α  is the polarizability of the molecule.  
The polarizability of the molecule is a function of the atomic separation. Let z 
be the displacement from the equilibrium separation between the atoms. This allows 
polarizability to be written in Taylor series form about zo, the equilibrium atomic 
separation of the molecule can be expressed as: 
α (z) = α o + (δα /δ z) z + … (3.20) 
where α o is the polarizability at equilibrium separation, zo. 
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 As molecules would vibrate at its resonant frequency, ω o, due to its 
surrounding temperature, the separation of the two atoms, z, would be: 
z = b cos(ω o t)  (3.21) 
Therefore, substituting (3.21) into (3.19) and (3.20), the induced dipole 
moment,µ , would be given in Equation (3.22). 
µ  = α oε o cos(ω t) + (δα /δ z) [b cos(ω o t)] ε o cos(ω t)  (3.22) 
 Alternatively, using trigonometric identity, Equation (3.22) may be expressed 
as: 
µ  = α oε o cos(ω t) + b(ε o/2)(δα /δ z){cos[(ω -ω o) t] + cos[(ω +ω o) t]}   (3.23) 
 Thus, Raman scattering is possible only if there are changes in the 
polarizability, 
zδ
δα , during molecular vibration. When light is radiated by a dipole at 
its oscillating frequency, three frequencies, ω -ω o, ω  and ω +ω o, would be emitted 
by the molecule. They correspond to the Rayleigh, Stokes and anti-Stokes scattering.  
Rayleigh scattering refers to scattered light of the same frequency. Stokes 
scattering refers to the case where the incident photon imparts part of its energy to the 
lattice in the form of a phonon and emerge with lower energy. This leads to a down 
converted frequency shift. On the other hand, anti-Stokes scattering refers to phonon 
absorption by a photon. However, the anti-Stokes mode is comparatively weaker and 
thus, only the Stokes scattering tend to be monitored [75]. 
Collectively, both modes are known as Raman scattering. In Raman 
spectroscopy, a laser beam would be directed to the sample. The weak scattered light 
from the signal would be passed through a double monochromator to reject any 
Rayleigh scattering component. This would allow the photodetector to sense Raman 
shifted wavelengths only. 
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3.4.1 Spectra of Polycrystalline Silicon Germanium 
 For polycrystalline silicon germanium, a Raman spectrum may be obtained to 
determine the film’s chemical composition and structure. A typical spectrum is shown 
in Figure 3.2.  




















Figure 3.2: Typical Raman spectrum of Si1-xGex film 
As a result of scattering from the Brillouin zone center (k=0), longitudinal optical 
(LO) phonons corresponding to the nearest neighbour vibrations of Ge-Ge, Si-Ge and 
Si-Si atomic pairs in the polycrystalline silicon germanium film would resulted in 
three distinct peaks. These peaks appear at about 290 cm-1, 405 cm-1 and 500 cm-1. 
Note that even though Raman spectroscopy has been primarily used for detection of 
symmetrical bonds, it may be used to detect the presence of asymmetrical bonds such 
as Si-Ge [76-78].  
 As the technique is sensitive to film structure, the Raman spectra for 
amorphous and polycrystalline Si1-xGex films would be distinctively different [40, 77]. 
Jelenkovic et al. observed no peaks in their as-deposited Si0.81Ge0.18 sample [40]. 
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Subsequently, when the samples were subjected to annealing at 550°C for 24 hours, 
the Raman scan revealed the presence of the three characteristic Raman peaks, 
indicating the formation of polycrystalline Si1-xGex films. Weaker peaks were 
observed between the dominant Si-Si and Si-Ge modes and this was attributed to the 
presence of localized Si-Si optic phonons in the germanium neighbourhoods [74]. It 
was noted that the Si-Si vibration frequency was lower too and this was explained by 
the presence of the larger mass of neighbouring germanium atoms [74].  
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3.5 Analysis of Raman Spectra 
 Several parameters such as peak shift, FWHM, peak intensity and the degree 
of peak asymmetry may be extracted using curve fitting of the Raman spectrum. 
These parameters would indicate the degree of crystallinity of the film.  
 Prior to the extraction of the various parameters, curve fitting has to be 
performed on the spectra. This involved the fitting of a Lorentzian profile and 
Gaussian profiles for the true “Si-Ge” response and the amorphous contributions 
respectively. An example is shown in Figure 3.3. 
 
Figure 3.3: Curve Fitting of Si-Ge peak in Raman spectrum 
 The steeper side of a Raman line is fitted with a Lorentzian profile [37]. This 
peak is known as the true response from Si-Ge. From this fitted peak, the peak shift, 
FWHM and peak intensity may be extracted. 
 The broader side of a Raman line is fitted with a Gaussian profile [37]. The 
ratio of the FWHM of this fitted Gaussian profile and that of the Lorentzian profile 
would give the peak asymmetry. Besides the peaks, other broadened regions would be 
fitted with Gaussian profiles as they are indicative of the amorphous regions of the 
film.  
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 The three characteristic peaks of poly-Si1-xGex film corresponding to the Ge-
Ge, Si-Ge and Si-Si phonon vibration modes are located approximately around 290 
cm-1, 400 cm-1 and 500 cm-1. However, for alloys of single crystalline Si1-xGex and 
poly-Si1-xGex, the Raman peak positions would be a function of the alloy composition 
and residual strain in the alloy.  
For a fully strained Si1-xGex layer, there exists a linear dependence between 
the alloy composition and the Raman shift of the Si-Si, Si-Ge and Ge-Ge peak as: 
ω Ge-Ge = 282.5 + 16x + 384σ  (3.24) 
ω Si-Ge = 400.5 + 14.2x + 575σ  (3.25) 
ω Si-Si = 520.2 – 68x + 830σ   (3.26) 
where σ  is the lattice mismatch between the Si1-xGex alloy and silicon. 
In contrast, the dependence of Raman shift on x for fully relaxed, bulk 
crystalline Si1-xGex are: 
ω Si-Ge = 400.5 + 12x  (3.27) 
ω Si-Si = 520.2 – 70x  (3.28) 
Due to the weak nature of the Ge-Ge vibration for relaxed alloy, it has not 
been well characterized and generally ignored [74, 79]. 
 The Si-Si and Si-Ge peak shift of fully strained alloy layers and bulk 
(unstrained) alloys of LPCVD poly Si1-xGex films (x < 0.4) were characterized by 
Oliveres et al. [77]. Their data fitted the linear relationship for bulk Si1-xGex and hence 
concluded that their polycrystalline film were most likely to be stress free. Further, 
based on the absence of dual peaks in the XRD results, they attributed the Raman shift 
was purely due to alloy composition. 
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 The dependence between the Raman shift of the sputtered and annealed Si1-
xGex samples as a function of annealing temperature (600°C - 800°C) and germanium 
content were studied by Ishidate et al. It was noted that the three Raman peaks were 
completely independent of the annealing temperature. It was observed that the Si-Si 
and Ge-Ge modes varied linearly with Ge content (0 < x < 1) and the dependence of 
Raman shift on germanium content could not be explained by merely considerating 
the bond length variation or alloy composition [37]. 
 The Raman shift of germanium alloys formed by direct laser writing 
techniques were compared against data of Ishidate et al. [37], Renucci et al. [80],  
Brya et al. [81] and Herman et al. [78]. They noted that the Raman shifts were more 
consistent for bulk alloy than for thin film samples. This was attributed to the 
presence of residual stress between the microstructures and the substrate as well as in-
homogeneity in germanium content. Such in-homogeneities include the formation of 
aggregates of similar atoms within the films.  
 Jelenkovic et al. [40] showed that the Si-Si vibration mode shifted linearly to a 
lower vale with increased germanium content in the film (0.19 < x < 0.49). Their 
results concurred with Alonzo et al.’s for bulk alloy  [74] and Tsang et al. for epitaxial 
layers [79].  
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The linewidth of the Raman peaks, otherwise referred to as its full width half 
maximum (FWHM) may be used to obtain information on the distribution of the 
alloy, its disorder, crystal grain size as well as the crystal defects [77]. Olivares et al. 
showed that their LPCVD films were less defective as the FWHM of the Si-Si phonon 
mode was similar to that of defect free bulk samples.  
Ishidate et al. [37] noted that the annealing temperature had no effect on the 
linewidth of their polycrystalline Si1-xGex films. The linewidth of the Si-Si mode was, 
however, decreased linearly when annealing temperature was increased from 600°C to 
800°C. The FWHM was constant over the range of high concentration of the 
respective atomic pairs. Compared to Brya et al. [81], their Raman spectra peaks’ 
width were twice as large. The difference was attributed to different film preparation 
techniques. On the other hand, Herman et al. [78] found that the FWHM of their laser 
written films larger than that of bulk alloys. Unlike Ishidate et al. [37], they observed 
no change in the Si-Si mode linewidth with annealing temperature.  However, the 
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3.6 Fourier Transform Infrared Spectroscopy 
The basic component in a Fourier transform infrared spectrometer (FTIR) is a 
Michelson interferometer. This is as shown in Figure 3.4. Light from an infrared 
source would be collimated and incident on a beam splitter. Then, the beam splitter 
would create two discrete optical paths; by reflection of 50% of the incident light and 
by transmission of the other 50%.  
 
Figure 3.4: Schematic diagram of a FTIR 
 The fixed position mirror serves to reflect one of the beam paths back to the 
beam splitter. In the other leg of the interferometer, the beam path would be reflected 
by a movable mirror back to the beam splitter. On the other hand, the movable mirror 
itself is free to translate back and forth while maintained parallel to itself. Thus, on 
reflection back to the beam splitter, both reflected beams are partially reflected back 
to the source and partially transmitted to the detector.  
The initial light from the source is incoherent. However, upon its split into two 
separate components by the beam splitter, both become coherent and can thus produce 
interference phenomena [82].  
When the lengths of paths L1 and L2, are equal, the two beams would be in 
phase. As such, the detector output would be at a maximum value. When a distance of 
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x changes the movable mirror, the beams would be shifted out of phase. This leads to 
destructive interference. The detector output, I(x), referred to as the interferogram 
would be described by the following equation: 






where A(f) is the intensity of the source and f is the frequency of the beam. 
As such, the spectral response B(f) may be calculated using the Fourier 
transformation of I(x) as: 






In practice, the mirror can only move in finite steps of Δ. Hence, the best 
spectra resolution would be given by Δf = 1/Δ. As a result of this infinite resolution, 
irregularities would be introduced into the interferometer. However, these 
irregularities may be reduced by using weighing or apodisation schemes during 
analysis on a computer [83].  
 
3.7 High Resolution Transmission Electron Microscopy 
Transmission electron microscopy (TEM) serves as one of the most direct 
means of observing sub micron structures. Hence, it is employed in this work for the 
observation of nanocrystals. There are, however, drawbacks to the technique as well. 
Prior to imaging, tedious sample preparation steps from laser cutting, polishing, 
dimpling and ion milling are required. It requires a skilled operator to handle the 
actual imaging process too. Furthermore, TEM is a destructive characterization 
technique, i.e., the sample would be destroyed after the experiment. 
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The two imaging methods used in TEM are the bright field and the dark field 
modes. In the bright field mode, shown in Figure 3.5(a), the electron beam would be 
incident along the optical axis. The objective aperture would be located to allow only 
the center beam to pass. The objective aperture would screen off the diffracted beam 
and the center beam would form the image. The resulting image has a background 
that is generally bright and hence is referred to as the bright field image.  
However, in the latter mode, as shown in Figure 3.5(b), the objective aperture 
would be placed to block off the center beam. Hence, only the diffracted beam would 
form the image. In addition, crystal lattice images may be obtained too. This utilizes 
multiple beam interference imaging mode [84]. 
 
Figure 3.5: Various modes of TEM 
(a) Bright field (b) Dark field interference 
 
In the analysis of TEM images, two contrasts must be considered. These are 
depicted in Figure 3.6. The first type is termed as the scattering contrast. It is the 
result of thickness difference in the sample or due to the mass difference in the 
sample. With different materials, the absorption may be different due to the difference 
in densities. This leads to formation of a mass contrast image. In regions that are 
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thicker, fewer electrons would be transmitted and this results in a thickness contrast 
image.  
 
Figure 3.6: Contrast in TEM images 
(a) Mass contrast (b) Thickness contrast (c) Lattice fringe image 
 
The second type of contrast is termed as the phase contrast. This is from the 
interference of two or more electron beams and fringe patterns would be produced if 
crystalline materials were imaged.  
 




Chapter Four:  
Sample Preparation & Characterization 
 
he preparation of Si1-xGex films is discussed in this chapter. The various 
steps used for substrate cleaning and deposition of the Si1-xGex films by 
r.f. co-sputtering are discussed. In addition, the parameters used for the 
various equipments in the characterization of the samples, such as the X-Ray 
diffractometer and the Raman spectrometer, are presented in Section 4.6.    
 
4.1 Substrate Preparation 
The substrate used for the crystallization and oxidation characterization was p-
type Czochralski (CZ) silicon wafers with (100) orientation. Its resistivity was 4-8    
Ω -cm. Prior to any processing steps, RCA I and RCA II cleaning steps were 
performed to remove contaminants from the wafers. This  step removed any Group I 
and II ions, such as potassium and sodium ions and organic contaminants. The RCA I 
solution consisted of a mixture of hydrogen peroxide (H2O2), aqueous ammonium 
hydroxide (NH4OH) and de-ionised (DI) water (H2O) with a volume ratio of 1:1:5 
[85, 86]. The solution was heated to about 80°C before the wafers were immersed. 
Following which, they were inserted into DI water with a nitrogen (N2) bubbler for 15 
minutes to facilitate the removal of any RCA I solution which may be on the wafers’ 
surfaces.  
 The RCA II cleaning step serves to remove any transition and alkaline metal 
ions from the wafers’ surface. The RCA II solution comprised of a mixture of 
T 
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hydrogen peroxide (H2O2), aqueous hydrochloric acid (HCl) and de-ionised (DI) 
water (H2O) with a volume ratio of 1:1:6 [86]. After heating the solution to about 
80°C, the wafers were immersed into the mixture for 15 minutes. Subsequently, they 
were rinsed in DI water with nitrogen (N2) bubbler for 15 minutes to remove any 
residual RCA II solution. 
As the RCA cleaning steps made use of an oxidizing agent in hydrogen 
peroxide, an oxide layer would form on the wafers’ surface. This oxide layer may 
consist of impurities and thus would affect the subsequently grown thermal oxide 
layer. Hence, the wafers were immersed in a 10% hydrofluoric acid (HF) for 20-30 
seconds to remove the native oxide. Afterwards, they were rinsed in DI water with 
nitrogen (N2) bubbler for 15 minutes. Finally, a nitrogen gun was used to blow dry the 
wafers.  
 
4.1.1 Thermal Oxidation of Substrate 
 In order to obtain an insulating substrate to study the crystallization behaviour 
of the samples, an oxide film of about 100 nm would be grown using dry oxidation. A 
TYTAN three-zone Horizontal Furnace System was used. The furnace was controlled 
by a FCS Furnace Control System which maintained and monitored the control of 
every hardware devices such as boat loader, Mass Flow Controller System (MFS 460) 
and Temperature Control Unit (TUC).  A standard calibration curve was used to 
determine the necessary oxidation temperature and time for the required oxide 
thickness. An oxidation temperature of 950°C and oxidation time of 5 hours was 
required to grow the necessary oxide thickness. From an initial temperature of 400°C, 
the furnace was ramped up to 950°C in nitrogen ambient. The wafers would then be 
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placed on a quartz boat and loaded into the furnace. It was ensured that the insertion 
process would be slow so that the wafers would experience a gentle temperature 
gradient. This would reduce the mechanical and thermal stresses experienced by the 
substrates. After the furnace was sealed, oxygen was flowed at a rate of 3 litres per 
minute. Upon completion of oxidation, the wafers would then be unloaded slowly.  
 On the other hand, to facilitate the study of an electrical device in the latter 
part of this work, an oxide layer of 50Å was grown instead. This had to be sufficiently 
thin so as to allow tunnelling of carriers. The layer was grown using a rapid thermal 
processor (RTP). The RTP process was described in detail in Section 4.4. 
 
4.2 Silicon Germanium Film Deposition 
4.2.1 Definition and Principles of Radio Frequency Sputtering 
In sputtering, a solid surface would be bombarded by appropriate high energy 
particles, frequently ions, to allow the surface ions to acquire sufficient energy to 
escape and be deposited onto a substrate to form a thin film coating [87]. The 
sputtering process is commonly performed in a low pressure chamber filled with inert 
gas. A typical diagram of a sputtering system is shown in Figure 4.1.  
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Figure 4.1: Schematic of sputtering chamber and sputtering process 
Within the chamber, there would be the anode and cathode at some distance 
apart. The target would be placed at the cathode while the substrate would be at the 
anode. Typically, both electrodes and the chamber would be cooled with water to 
dissipate the heat generated by sputtering.  
To start the sputtering process, a sufficiently high potential difference of a few 
kV would be applied across the electrodes. Electrons would be emitted from the 
cathode by thermionic emission. These electrons would then be accelerated by the 
high electric field towards the anode. As a result of the acceleration, the electrons 
would gain kinetic energy. Most of these electrons would collide with the atoms of 
the sputtering gas before they reach the anode. The sputtering gas of choice is usually 
argon. This is due to its inert nature as well as its large atomic mass.  
Consequently, the accelerated electrons would transfer some of their energy to 
an orbital electron of a gas atom. The orbital electron would escape from the atom if 
the transferred energy is greater than the ionisation potential. As a result, a positive 
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charged gas ion would form. The electric field would accelerate the escaped electron 
and leads to the entire collision and electron emission process being repeated. When 
equilibrium is reached, the process would become self sustained. As a result of the 
decay of orbital electrons to lower states following their excitation to higher states, a 
distinctive glow discharge caused by photon emission would be observed during 
sputtering.  
The positively charged ions would accelerate towards and strike the negatively 
charged cathode at high energies. As a result of momentum transfer, the target, which 
is mounted at the cathode, would have its constituent atoms dislodged from the 
surface. The atoms would then be deposited on the surface of the substrate randomly. 
Some electrons, termed as secondary electrons, would be ejected from the target too 
and they help in sustaining the glow discharge.  
The use of a radio frequency excitation system is necessary to sustain the 
sputtering process as positive charges are inclined to build up on the target. This build 
up in positive charges would counteract the negative potential on the electrode. 
Without the potential reversal achieved by the r.f. system, sputtering can only proceed 
for ≈ 10-7 seconds before the negative potential is neutralised, thereby preventing 
further bombardment processes. With the potential reversal process at the electrodes, 
electrons can accelerate towards the anode and help neutralize the undesirable 
positive potential of the target electrode in ≈ 10-9 seconds. As a result, when the 
electrode polarities are reversed, sputtering would occur once again.  
As sputtering is a physical process, atomic scale electronically active defects 
in the sputtered material may result [88]. In addition, the deposited film would be 
amorphous in nature [89]. Oxygen and argon, which is the inert sputtering gas, tend to 
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be incorporated into the deposited films too. Other characteristics that affect the film 
quality include the sputtering pressure, base pressure, choice of sputtering gas, input 
r.f. power, spacing between electrodes as well as the temperature of the substrate. 
Hence, the conditions for sputtering are usually obtained empirically [90].  
 
4.2.2 Deposition of Si1-xGex films by r.f. Sputtering 
The deposition of Si1-xGex films with the various Ge concentrations was 
carried out in a r.f. sputtering chamber, Anelva Model SPH-210H. The sputtering 
system consisted of four main parts, namely the sputtering chamber, a pumping 
system, a matching network and an r.f. generator. Within the low pressure chamber, 
there was a single target holder at the cathode electrode and a substrate holder at the 
anode electrode. The substrate holder was connected to a heater, which allowed the 
deposition of films on a heated substrate of up to 300°C.  
 The pumping system comprised of two separate pumps. The reduction of the 
chamber pressure from atmospheric pressure to ≈10-4 Torr was managed by a rotary 
mechanical pump. The subsequent reduction of pressure from the 10-4 Torr range to 
10-6 Torr was realized by an oil-based diffusion pump. This evacuation process was 
managed by three major valves connected to the sputtering chamber, namely the main 
valve (MV), roughing valve (RV) and the variable conductance valve (VLV). The 
MV connects the chamber and the diffusion pump while the RV connected the 
chamber to the mechanical pump. The VLV served to regulate the flow of sputtering 
gas into the chamber. 
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The r.f. generator used to generate the sputtering plasma was a 1 kW, 13.56 
MHz generator. In addition, an impedance matching network is used to minimize 
reflected power loss during sputtering. 
As the sputtering system allowed for the use of a lone target, a method was 
devised to allow for the sputtering of both silicon and germanium. This was also 
adapted by Yu et al. [73] and Jelenkovic et al. [89]. Intrinsic (111) germanium pieces 
would be attached to the surface of an intrinsic 4 inch wafer. The germanium pieces 
were uniformly distributed in the region of intense sputtering to ensure better 
uniformity of germanium concentration across the deposited silicon germanium film. 
A schematic diagram of the target is shown in Figure 4.2. 
 











Figure 4.2: Co-sputtering target 
Subsequently, the target was attached to a copper plate that had a thickness of 
4.7 mm. The copper plate helped to dissipate the heat generated during sputtering as it 
provided thermal contact between the water cooling system and the target.  
The region of intense sputtering is within a concentric ring with effective area 
of Aeff. Using the parameters in Figure 4.2, Aeff could be estimated as: 
Aeff = π (rout2 – rin2) (4.1) 
The area exposed to the argon plasma during sputtering is taken to be Aeff. 
Consequently, the total area of the germanium pieces within the concentric ring would 
be AGe. AGe would be related to the mass, mGe, density, pGe, and thickness, tGe, of the 










Films of different silicon to germanium concentrations were deposited by 
variation of the ratio: Ax = AGe / Aeff. Rutherford Backscattering Spectroscopy (RBS) 
was performed for the verification of the concentrations. Films with germanium 
Region of Weak Sputtering 
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concentration of 0.12, 0.28, 0.37 and 0.46 were obtained reproducibly using this 
described method. 
The various parameters used for the calculation of the ratio, Ax are shown in 
Table 4.1. The calculated ratio and the verified germanium concentration of the 
sputtered films are shown in Table 4.2.  
Table 4.1: Parameters used for the calculation of AGe / Aeff 
Parameter Value 
rout / cm 1.20 
rin / cm 3.80 
Aeff / cm2 40.84 
ρGe / g cm-3 5.32 
tGe / cm 0.03 
 
Table 4.2: Calculated Ax and Ge concentration from RBS 
mGe / g AGe / cm2 Ax x (RBS result) 
0.3 1.880 0.046 0.12 
1.3 8.145 0.199 0.28 
2.2 13.78 0.338 0.46 
 
The ratio of areas is plotted against the actual germanium concentration, x in 
Figure 4.3. 
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Figure 4.3: Ratio Ax against actual Ge concentration from RBS 
 
Before the commencement of sputtering, the chamber pressure was evacuated 
to 10-6 Torr. This value of chamber pressure was selected to be much lower than the 
sputtering pressure of 1 mTorr to ensure that the sputtering gas in the chamber was of 
high purity. Following which, the sputtering gas, i.e., argon, would be released into 
the chamber. The MV and the VLV would be adjusted until the desired sputtering 
pressure was obtained. A Shultz ionisation gauge would monitor this. Once the 
pressure has stabilized, the r.f. generator would be switched on and tuned to the 
desired sputtering power of 300W. Prior to the actual deposition of Si1-xGex on the 
substrate, pre-sputtering would be carried out for 10 minutes with the shutter above 
the substrate holder closed. This helped in the removal of any contaminants on the 
target surface before the actual film deposition. Following which, the shutter would be 
opened to allow for Si1-xGex film deposition to the desired thickness. For the 
crystallization study, films of 3 µm were deposited for the XRD study. On the other 
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hand, films of 100 Ǻ were deposited for the synthesis of nanocrystal. Table 4.3 lists 
the parameters used for sputtering of the sample. 
 
Table 4.3: Sputtering conditions for Si1-xGex film 
Sputtering Parameter Value 
Chamber Pressure / Torr 1 x 10-6 
Sputtering Pressure / Torr 1 x 10-3 
Sputtering Gas Argon (99.99% purity) 
r.f. Power / W 300 
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4.2.3 Crystallization of Sputtered Si1-xGex film  
 In order to form polycrystalline Si1-xGex films, annealing of the samples in a 
furnace with a nitrogen ambient would be necessary. This was carried out in a Tytan 
three-zone horizontal furnace system that is controlled by a FCS10 control system.  
 The polycrystallization process of Si1-xGex films was studied by varying the 
annealing temperature and the annealing duration. In this study, the annealing 
temperature ranged from 550°C to 900°C while the annealing time varied from 10 
minutes to 24 hours in nitrogen (3 litres per minute).  
 
4.3 Thermal Oxidation Process 
Oxidation was carried out to characterize the oxidation kinetics of the 
amorphous and polycrystalline Si1-xGex films. The process was carried out in an 
Omega-L three zone furnace. The furnace provided for both dry and wet oxidation 
processes. Before the loading of wafers, the temperature would be ramped to the 
desired oxidation temperature using the digital temperature controller. Wafers 
selected for oxidation would be placed in a quartz wafer holder in preparation for 
loading. Once the temperature was attained, the wafers would be manually loaded 
using a quartz rod.  
The loading process is slow in order to prevent warping of the silicon wafers. 
Once loaded, the tube would be sealed and oxygen would then flow in at the 
commencement of the oxidation process. Upon completion of oxidation, the wafers in 
the quartz boat would be unloaded slowly. 
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4.4 Rapid Thermal Annealing 
Unlike the conventional furnace annealing process described in Section 4.2.3, 
rapid thermal annealing (RTA) offers several other advantages. This includes the 
rapid ramp up and ramp down of annealing temperature as well as better control of 
dopant diffusion. Figure 4.4 shows a simplified cross section of a rapid thermal 
processor [91]. 
 
Figure 4.4: Cross section of a Rapid Thermal Processor 
In order to achieve the high ramp up rates of annealing, arrays of halogen 
lamps are utilized. This allows ramp rates of 100 - 300°C/sec to be achieved. The 
wafer’s temperature is monitored by a pyrometer and is feedbacked via a closed loop 
PID control system. Figure 4.5 shows a typical RTA temperature profile. The 
important parameters of the process were as labeled: tp - annealing time, ru – ramp-up 
rate, rd – ramp-down rate and Tp - annealing temperature.  
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Figure 4.5: Typical RTA profile 
In this work, the rapid thermal processor used was the A.S.T. SHS 10 
machine. Table 4.4 outlines the parameters used for the RTA.  
Table 4.4: Parameters used for RTA 
Annealing Parameters Value 
tp /sec 0 - 300 
ru , rd / °C/sec 30 
Annealing Temperature / °C 1000 
Gas Ambient N2 
 
4.5 Metallisation 
To facilitate the study of the electrical characteristics of the samples, it was 
necessary to form a metal oxide semiconductor (MOS) capacitor structures. The front 
and back contacts to the structure were formed using aluminium that was evaporated 
using an Edwards Evaporator. It consisted of a chamber equipped with the sample 
holder at the top and tungsten filaments to evaporate aluminium at the bottom.  
Prior to evaporation, the chamber pressure was evacuated to 1 x 10-6 Torr. 
This high vacuum ensures that deposited yield of aluminium would be high as well as 
of good quality without impurities. In order to melt the aluminium wires on the 
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filament, current was passed though the tungsten coils. The deposition rate and 
thickness were monitored using an Inficon XTN film thickness monitor. A summary 
of the parameters used during metallization is as given in Table 4.5.  
Table 4.5: Parameters used for Evaporation 
Evaporation Parameters Value 
Chamber Pressure / Torr 1 x 10-6 
Evaporation Pressure / Torr 8 x 10-5 
Front contact Thickness / Ǻ 5000 
Back contact Thickness / Ǻ 4500 
 
Upon completion of metallization, lithography was carried out to pattern the 
aluminium on the front surface to the desired contact pad size for capacitance-voltage 
measurements. 
 
4.6 Sample Characterization 
4.6.1 Surface Profiler 
The thickness of the deposited Si1-xGex films was determined using a Tencor 
Alpha-step 500 surface profiler. It is a stylus based surface profiler, with a precision 
of up to 1 Å. 
 A method to measure the deposited film thickness is as follows. Before 
sputtering, a rectangular strip of silicon was placed in the middle of the 2 inch 
substrate as shown in Figure 4.6. Thus, a step would be created after the silicon strip 
is removed after sputtering.  







Figure 4.6: Creation of step after sputtering of Si1-xGex 
 
The height of the step would correspond to the thickness of the deposited film. The 
step profiler can then be used to measure the thickness of the deposited film as shown 
in Figure 4.7. 
 
 
   
 
 
Figure 4.7: Measurement of sputtered film thickness 
 
4.6.2 Rutherford Backscattering Spectroscopy 
 The Rutherford backscattering spectroscopy experiments were performed 
using the 2 MeV He+ ions from a HVEC AN2500 van de Graaf accelerator. The 
measurements were performed at normal incidence to the samples. The backscattered 
particles were detected at a scattering angle of 160° by a surface barrier detector 
which had an energy resolution of 14.0 keV. 
 
Removal of silicon strip 
a- Si1-xGex films 
n-Si substrate 
a- Si1-xGex films 
n-Si substrate 
Final position of stylus 
Initial position of stylus 
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4.6.3 X-Ray Diffraction 
 The X-ray diffraction experiments were performed using a Phillips PW1710 
based generalized focusing x-ray diffractometer with Cu Kα radiation of wavelength 
of 1.54056 Å.  
 The diffractometer was operated at an accelerating voltage of 30 kV and a 
current of 20 mA. The range used was θ - 2θ in the continuous scan geometry. In this 
mode, the PW1710 detector would rotate at twice the rate of rotation of the sample. 
This ensured that the angle of incidence of the x-ray beam and the acceptance angle of 
the detector, both with respect to the sample plane, would always be maintained at an 
angle θ apart. Hence, only surface planes that are parallel to the sample surface would 
be diffracted under this geometry. Other pertinent operation parameters are listed in 
Table 4.6. 
Table 4.6: Parameters set for X-ray diffractometer 
Parameters Value 
2θ Range / ° 20 - 60 
Scan step / ° 0.04 
Scan time / seconds per step 0.5 
Scan speed / 2θ per second 0.080 
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4.6.4 Raman Spectroscopy 
 The Raman spectroscopy work was performed on a Reinshaw Raman 
spectrometer (Model: System 2000). It was equipped with a double monochromator 
and an optical multichannel detection system. In order to prevent in-situ laser 
annealing and damage to the samples, the laser was operated at 10 mW. Detection 
was done in the backscattering configuration with the laser spot size at ≈ 1 µm. The 
spectral resolution was about 1.5 cm-1.  
 Prior to measurements of our samples, a single crystalline silicon was used for 
calibration. For each sample, five spectra were accumulated, each with a scan time of 
10 seconds. Following which, they were averaged so as to improve the signal-to-noise 
ratio. Table 4.7 lists the parameters used for the Raman spectrometer.  
Table 4.7: Parameters set for Raman spectrometer 
Parameters Value 
Laser 514 nm Ar+  
Laser Power / mW 10 
Scan Range / cm-1 100 – 600, 200 - 490 
Detector Time / s 10 
 
4.6.5 Fourier Transform Infrared Spectroscopy 
 The Fourier transform infrared spectroscopy (FTIR) measurements were 
performed on a Nicolet Magna-IR 850 FTIR spectrometer. A background spectrum 
was taken by first scanning a p-type silicon wafer. The purpose of the background 
scan was to allow for the subtraction of the background spectrum from all subsequent 
sample spectra. Hence, any infrared spectra from the underlying silicon substrate 
would be eliminated. 
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 Samples were placed normal to the infrared beam and measured at room 
temperature. To ensure that the measurements were accurate, each sample was 
scanned 20 times. The spectra would be smoothed twice to remove any noise 
components from the spectra.  A summary of the parameters set for the FTIR 
spectrometer is shown in Table 4.8. 
Table 4.8: Parameters set for FTIR spectrometer 
Parameters Value 
Frequency Range / cm-1 400 – 1200 
Spectra Resolution / cm-1 1 
Accumulation 20 
 
 Analysis of the spectra was performed using the Omni 4.1 software provided 
by Nicolet Instrument Corporation. When a specific frequency range was analyzed, 
the region corresponding to the specific bond would be narrowed using a window. 
Following which, baseline correction was done to remove any curved or sloping 
baselines.  
 
4.6.6 High Resolution Transmission Electron Microscopy 
 TEM was performed using a Philips FEG 300CM operating at 300 kV. The 
images of this work were formed by both scattering and phase contrast. The crystal 
structure of bulk germanium diamond structure with a lattice constant of 5.658 Å and 
the number of atoms in 1 cm3 is 4.4 x 1022 [92]. Hence, we expect the lattice 
separation of the <111> crystal plane to be 3.27 Å and that of the <200> crystal plane 
to be 2.00 Å. 
 




Chapter Five:  
Polycrystallisation Study of Si1-xGex Films 
 
he study of solid phase epitaxy of amorphous Si1-xGex films will be 
discussed in this chapter. Samples with three germanium concentrations, x = 
0.12, 0.28, 0.46 were prepared by techniques presented in Chapter 4 and 
subsequently thermally annealed at various temperatures and duration. X-ray diffraction 
and Raman spectroscopies were used to study the polycrystallization of the samples.  
 
5.1 XRD Results 
5.1.1 Effect of Annealing Temperature on Crystallization 
For a fixed annealing duration, the annealing temperature used to crystallize the 
amorphous Si1-xGex films were varied. Typical XRD spectra for Si0.88Ge0.12 films that 
have been annealed at different temperatures for 24 hours are shown in Figure 5.1.  
 
T 
Chapter 5                                                                      Polycrystallisation Study of Si1-xGex FIlms 
 67 







Tanneal = 900 
oC
Tanneal = 800 
oC
Tanneal = 700 
oC















Figure 5.1: XRD spectra showing effect of annealing temperature  
on Si0.88Ge0.12 films that have been annealed for 24 hours. 
 
From Figure 5.1, it is noted that the Si0.88Ge0.12 film remains amorphous despite 
being annealed for 24 hours at 600°C. On the other hand, crystallization is observed when 
the annealing temperature is increased to 700°C. The peak in the XRD spectra at 2θ ~ 
28°, corresponds to the (111) crystal plane. With subsequent increase in the annealing 
temperature, it is noted that the peak shows reduction in its FWHM. This suggests an 
improvement in the crystallinity of the film. The (220) crystal plane, at 2θ ~ 47°, is more 
pronounced when the film is annealed at > 800°C. Note that there is no shift in the 
positions of the diffraction peaks despite of the variation in the annealing temperature. 
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5.1.2 Effect of Germanium concentration on Crystallization 
Figure 5.2 shows the XRD spectra of Si1-xGex films (x = 0.12, 0.28 and 0.46) that 
have been annealed in nitrogen ambient at 600°C for 24 hours. The intensity of the peaks 
were compared after curve fitting. It is noted that Si1-xGex films with higher germanium 
content has a higher peak intensity; suggesting a faster crystallization rate in such 
samples. This has been explained by Tsai et al. [30] in that the suppressed melting point 
of Si1-xGex alloys, compared to silicon, had resulted in most thermally driven processes 
occurring at relatively lower temperatures for the former.    























Figure 5.2: XRD spectra showing effect of Ge content on crystallization 
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5.1.3 Effect of Annealing Duration  
Figure 5.3 shows the XRD spectra of Si0.54Ge0.46 films, which were annealed in 
nitrogen ambient at 600°C for different durations.  















tanneal = 24 hr
tanneal = 6 hr
tanneal = 30 min







Figure 5.3: XRD spectra of Si0.54Ge0.46films annealed for various times  
It is observed that the Si0.54Ge0.46 sample remained amorphous, after being annealed 
for 30 minutes at 600°C. When the annealing duration is increased to 6 hours, appearance 
of peaks at 28°, 47° and 55° are noted in the spectrum. This is characteristic of a material 
with diamond cubic crystal structure such as Si1-xGex. These peak positions correspond to 
the diffraction peaks from the (111), (220) and the (311) crystal planes respectively [17, 
40].  
Prolonged annealing serves to increase the intensity and decrease the FWHM of 
the diffraction peaks, thus suggesting a reduction in the amorphous region within the film 
due to the expansion of the crystalline domains. This may also be interpreted as 
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enhancement in the film crystallinity and the grain size [40, 91]. Note for films with the 
same germanium content, variation in the annealing duration did not shift the positions of 
the diffraction peaks. 
 
5.2 Degree of Crystallization 
An indication of the degree of crystallinity of the annealed silicon germanium 
films may be obtained from the peak intensity of the XRD spectra. Figures 5.1 - 5.3 show 
that the intensity of the (111) diffraction peak is stronger than that of the (200) and (311) 
peaks. Thus, it would be more accurate to extract the peak intensities from the (111) peak. 























Figure 5.4: Logarithmic plot of (111) Peak intensity against Annealing Time 
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 In Figure 5.4, the (111) peak intensity increases with annealing duration. This 
suggests an increased degree of crystallization with increasing annealing time. Hwang et. 
al. [17] reported that the solid phase crystallization of Si1-xGex and amorphous Si would 
be represented by an “s-shaped” curve in an Avrami plot. This is not apparent in Figure 
5.4. This may be due to the fact that the films may not have completely crystallized under 
the selected range of annealing conditions used in this work. 
 Instead, Figure 5.4 may be represented by a linear equation of the form: 
c = a (tann)b (5.1) 
where c is the degree of crystallization of the Si1-xGex film, a and b are constants and tann 
is the annealing time in minutes. Equation (5.1) may be expressed as: 
log (c) = b[log (tann)] + log(a) (5.2) 
As such, the gradients of the plots in Figure 5.4 would correspond to the constant, b. The 
extracted gradients are tabulated in Table 5.1.  
Table 5.1: Gradients from the intensity versus annealing duration plot 





 Mei et. al. [92] have proposed that the grain growth mechanism of polysilicon was 
diffusion controlled. As such, the growth rate would be determined by the diffusion rate 
of atoms across the grain boundaries in the presence of a driving force. It was postulated 
that this driving force had two components. One was the energy difference between the 
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atoms on each side of the grain boundary and the other is the interfacial energy between 
two adjacent grains. This would result in the migration of the grain boundary and lead to 
grain growth. In such cases, the rate of crystallization would vary with the square root of 
the annealing time: 
anntac =  
(5.3) 
with b = 0.5 
 Conversely, crystallization and grain growth would be retarded in the presence of 
impurity in the grain boundary. Incorporation of argon or oxygen atoms would also lead 
to grain growth retardation too [36]. In such instances, the constant, b, would assume a 
value of 0.33, and that impurity drag effect is significant during the primary 
recrystallization process [93]. 
 As noted from Table 5.1, the value of b ranges from 0.23 - 0.31. Thus, we expect 
the impurity drag effect to be significant in the crystallization process of our samples. 
However, we note that the crystallization rate is substantially faster than an earlier report 
by Choi et. al [94]. Choi et. al. had used a sputtering target which was phosphorous doped 
and hence had phosphorus atoms incorporated in their films. In the present work, we use 
a target that the silicon was undoped. We attribute our improvement in the crystallization 
rate (as b have increased) to the absence of dopants in the sputtering target. This agrees 
the suggestions by Jelenkovic et. al. [32] and Thompson [95], who suggested that 
incorporation of phosphorous atoms may hinder crystallization.  
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Through the RBS results (see Figure 5.5), the percentage of argon incorporated in 
our as-deposited samples was as high as 5%. Therefore, it is possible that the 








Figure 5.5: RBS spectra of as-sputtered Si0.88Ge0.12  films 
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5.3 Interplanar Spacing of Crystal Grains 
The positions of the peaks in the XRD spectra were obtained by curve fitting 
using the technique described in Section 3.3. Subsequently, the interplanar spacing, dhkl, 
was calculated for the (111), (220) and (311) oriented crystalline grains. The resulting 
values for d111, d220 and d311 were plotted as a function of germanium concentration in 
Figures 5.6 - 5.8. The selected samples were annealed at 600°C - 900°C for 24 hours. 
Superimposed on the plots were the predicted dependence of dhkl on germanium content, 




























Figure 5.6: (111) interplanar spacing, d111, as a function of germanium content, x 
 

















































Figure 5.8: (311) interplanar spacing, d311, as a function of germanium content, x 
The difference between the expected interplanar spacing, as predicted from 
Vegard’s Law and the extracted values from the XRD spectra are tabulated in Table 5.2.  
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Table 5.2: Difference between predicted and extracted values of interplanar spacing 
  Annealing Temperature/°C 
  600 700 800 900 
d111 0.15 0.17 0.05 0.18 
d220 0.27 0.25 0.83 0.41 
Average 
Error 
(%) d311 0.27 0.35 0.01 0.08 
 
Silicon and germanium has a lattice mismatch of ≈ 4.2%. However, as noted in 
Table 5.2, the average error between the expected values of interplanar spacing, and the 
values extracted from the XRD spectra are relatively smaller. Thus, our values of 
interplanar spacing for the (111), (220) and the (311) planes may be predicted reasonably 
well from Vegard’s Law.  
The presence of average percentage errors has been attributed by King et al. [18] 
to be due to the presence of strain in the polycrystalline grains and lattice distortion. 
Therefore, we postulate that our polycrystalline films are relaxed as there is little 
percentage difference between our extracted and predicted values of interplanar spacing. 
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5.4 Raman Spectroscopy 
5.4.1 Effect of Annealing Temperature on Crystallization 
Figure 5.9 shows typical Raman spectra for Si0.72Ge0.28 films that were annealed at 
various temperatures at a fixed duration of 24 hours. It is observed that the as-deposited 
sample was featureless. In this amorphous state, the k selection rule is not applicable due 
to the loss of long range order as a result of the chaotic arrangement of the constituent 
atoms within the films. Hence, all phonons are optically allowed and the Raman spectrum 
resembles the phonon density of states with broad bands [96].  
However, when the annealing temperature varies from 600°C - 900°C, for a fixed 
duration of 24 hours, three distinct peaks (at ∼ 300 cm-1, ∼ 400 cm-1 and ∼ 500 cm-1) are 
noted in the Raman spectra. These peaks correspond to the vibrations of Ge-Ge, Si-Ge 
and Si-Si bonds respectively [97, 98]. Note the exact positions of these peaks could be 
influenced by the sample’s composition and the presence of strain in the films [78].  





































Figure 5.9: Spectra for Si0.72Ge0.28 films annealed at various temperatures for 24 hrs 
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Figure 5.9 shows the three phonon modes increases in intensity with annealing 
temperature. This indicates the formation of polycrystalline Si1-xGex film [99]. We, thus, 
expect an increased degree of crystallinity and some semblance of long range order to 
occur.  
 
5.4.2 Effect of Germanium concentration  
 Figure 5.10 displays the results of annealing Si1-xGex films, at 700°C for 24 hours. 
From the Raman spectra of the Si0.54Ge0.46 and the Si0.72Ge0.28 samples, three major peaks 
are observed. This suggests that, when annealed at these conditions, crystallization has 
taken place in these samples as compared to Si0.88Ge0.12. The small but yet distinct peak at 
∼ 430 cm-1 may be attributed to the result of scattering due to the local Si-Si vibration in 
the Ge neighbourhood 





















Figure 5.10: Raman spectra of Si1-xGex samples annealed at 700°C for 24 hours 
 .  
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 Note that the peak positions of the Ge-Ge, Si-Ge and Si-Si bonds shifted with a 
change in the film’s germanium content. The peaks of the samples with higher 
germanium concentration are noted to have shifted to lower Raman frequencies.  
 In addition, it can be seen that with increased germanium concentration, the 
relative intensity of the Ge-Ge peak increased at the expense of the Si-Si peak. We also 
observed an increase in the FWHM of the Si-Si peak with a reduction in the FWHM of 
the Ge-Ge peak. Thus, as a result of the dependence of intensity on composition, the 
intensity for the samples with low germanium or low silicon concentration would tend to 
have poorly resolved Ge-Ge and Si-Si peaks respectively. Therefore, it is difficult to 
extract the relevant parameters from the weaker peaks. As such, many works on Si1-xGex 
with germanium concentration less than 50% did not analyse the Ge-Ge peak [77, 98].  
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5.4.3 Effect of Annealing Duration on Crystallization 
 Figure 5.11 shows the typical spectra for Si0.54Ge0.46 films that have been annealed 
at 600°C for various durations [97, 98].  
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Figure 5.11: Spectra for Si0.54Ge0.46 films annealed at 600°C for various durations 
  
The as-deposited sample and the sample that was annealed for 2 hours show 
featureless spectra. Hence, annealing the film in nitrogen at 600°C for 2 hours was not 
sufficient for crystallization to occur. However, when annealed for 12 hours, the three 
distinct Raman peaks of Si1-xGex are observed. Hence, when annealing duration increases, 
the degree of crystallization increases, indicating an increase in long range order.  
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5.5 Analysis of Shifts in Raman Peaks 
The first order Raman peak positions of single crystalline Si1-xGex are functions of 
the alloy composition and the presence of any stress in the alloy. We expect this to be 
applicable to samples of polycrystalline Si1-xGex films too. Figure 5.12 plots the peak 
positions of the Si-Si phonon mode with respect to germanium content of the samples.  
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Figure 5.12: Raman shift of Si-Si phonon mode with respect to Ge content 
 
For fully strained Si1-xGex film, the Raman shift of the Si-Si peak is given is [75]:  
ω Si-Si = 520.2 – 70x   (5.4) 
 
On the other hand, for fully relaxed, bulk crystalline Si1-xGex films, the Raman 
shift of the Si-Si peak would be: 
ω Si-Si = 520.2 – 29.7x   (5.5) 
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 As observed in Figure 5.12, the results of our work have a better fit with that of 
Equation (5.5), which represents fully relaxed bulk alloy [74]. Thus, it suggests that our 
crystallized films are strain-free/relaxed. The presence of grain boundaries and other 
defects in the crystallized films would probably be not effective in retaining strain. In 
addition, we noted that in Ishidate et al’s and Olivares et al.’s study of Si1-xGex films, a 
similar dependence for the Si-Si phonon band was also seen.  
Similar to the Si-Si phonon band, the Si-Ge phonon band would be sensitive to 
changes in the composition of the Si1-xGex alloy. Figure 5.13 shows the peak positions of 
the Si-Ge phonon mode with respect to the germanium content in the Si1-xGex films.  
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Figure 5.13: Raman shift of Si-Ge phonon mode with respect to Ge content 
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For a fully relaxed Si1-xGex films, the Raman shift of the Si-Ge phonon mode 
would be [79]: 
ω Si-Ge = 400.5 + 12x  (5.7) 
 
 In contrast, for Si1-xGex films that are fully strained, the Raman shift of the Si-Ge 
phonon mode is given is [74, 77]: 
ω Si-Ge = 400.5 + 34.5x (5.8) 
where ω Si-Si denotes the position of the Raman peak and x is the germanium content. 
 Figure 5.13 shows that the results of this work follow the linear relationship of 
Equation (5.7). Hence, it suggests that our Si1-xGex films are stress free. Further, we note 
that the overall dependence of the Raman shift on germanium composition is in 
agreement with reports from literature [78].  
In the Raman spectra of Si1-xGex samples with low germanium content, the peak 
intensity of the Ge-Ge mode is very much dwarfed by that of the Si-Ge mode. As such, 
the peak positions of the Ge-Ge phonon mode for our Si0.88Ge0.12 samples were not 
extracted. Nonetheless, Tsang et al. [79] had proposed the following relationship based 
on the Raman scattering from a few well-characterized samples: 
ω Ge-Ge = 282.5 + 16x  (5.9) 
 
The extracted data from our Si0.72Ge0.28 and Si0.54Ge0.46 samples and Equation 
(5.9) are plotted in Figure 5.14. Figure 5.14 shows that the use of Equation (5.9) 
overestimates the Ge-Ge Raman shift in our samples significantly. 
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Figure 5.14: Raman shift of Ge-Ge phonon mode with respect to Ge content 
 
5.6 Summary 
From the XRD spectra, it was observed that for a fixed annealing duration, 
increasing the annealing temperature resulted in more rapid crystallisation of the film. No 
shift in the diffration peaks was observed. For films annealed at a fixed temperature and 
duration, crystallisation took place at faster rate in samples with higher Ge content. For 
films with a fixed Ge concentration and annealed at a fixed temperature, a longer 
annealing duration would improve the film's crystallinity. No "s-shaped" Avrami plot was 
observed as the films may not have completed crystallized under the range of annealing 
conditions. The impurity drag effect is still significant in the crystallisation process of our 
samples. The Raman spectroscopy results suggest that the crystallized films are strain-
free. This could be attributed to the presence of grain boundaries and other defects in the 
crystallized films. 




Chapter Six:  
Oxidation Kinetics of Si1-xGex Films 
 
 study on the oxidation kinetics of amorphous and polycrystalline        
Si1-xGex films is presented in this chapter. The chapter starts with the 
effect of the germanium content in the oxidized Si1-xGex. Following 
which, the effect of the oxidation temperature on oxidation of Si1-xGex films was 
discussed. Section 6.3 presents the stoichiometry of oxides grown from Si1-xGex films.  
 
6.1 Effect of Germanium content in oxidized Si1-xGex 
The infrared spectra of amorphous and polycrystalline Si1-xGex films (x = 0.12, 
0.28 and 0.46) oxidized at 700°C for 3 hours are shown in Figures 6.1 and 6.2 
respectively. Pure silicon was also oxidized at the same condition and its spectrum 
was included. We observe the presence of three very distinct absorption bands at ∼460 
cm-1, 820 cm-1 and 1070 cm-1. The most prominent band is the absorption band at 
1070 cm-1, which is attributed to the stretching mode of the oxygen atom along the Si-
Si direction in the Si-O-Si bonding plane [100]. On the other hand, the peak at 820 
cm-1 is attributed to the O-Si-O bending mode vibration [100]. The third peak at 460 
cm-1 is due to the rocking motion of the oxygen atom perpendicular to the Si-O-Si 
bonding plane [100].  
In addition, from the Si-O-Si stretching mode peak at 1070 cm-1, a shoulder to 
the left of the peak. (∼900 - 1000 cm-1) is noted for both the amorphous and 
polycrystalline samples. It has been suggested that this may be due to the Si-O and Si-
A 
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O-Ge vibrations from a study on plasma-assisted oxidation of Si0.92Ge0.08 [101]. 
However, in our case, the shoulder extends to ∼900 cm-1. We suggest that this was 
due to the mixture of SiO2, GeO2 and their sub-oxides, as reported by Benrakkard et 
al [102].  


























Figure 6.1: Infrared spectra of amorphous Si1-xGex films, oxidized at 700°C, 3 hrs 


























Figure 6.2: Infrared spectra of polycrystalline Si1-xGex, oxidized at 700°C, 3 hrs 
 Figures 6.3 and 6.4 display the infrared spectra of Si1-xGex films which were 
oxidized at 800°C for 2 hours. Again, we observe three distinct bands in the spectra 
[100]. 
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The shoulder left of the Si-O-Si stretching peak at 1070 cm-1 was still present 
but it was not as prominent as the spectra of the samples oxidized at 700°C. This 
suggests that the higher oxidation temperature did not favor the formation of the 
mixture of SiO2, GeO2 and their sub-oxides. 
For amorphous samples oxidized at 700°C and 800°C, we observe that with as 
x increased from 0.12 to 0.46, the Si-O-Si stretching peak has shifted to lower 
frequencies from 1072 cm-1 to 1065 cm-1. This suggests that the oxide grown on 
amorphous Si0.88Ge0.12 films would have a better stoichiometry [103, 104]. The left 
shift indicated that the oxide layer has become more porous with increased 
germanium content [101, 105]. The increased FWHM suggested that the film became 
more relaxed with increased germanium content [106]. 


























Figure 6.3: Infrared spectra of amorphous Si1-xGex films, oxidized at 800°C, 2 hrs 
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Figure 6.4: Infrared spectra of polycrystalline Si1-xGex, oxidized at 800°C, 2 hrs 
 Figures 6.5 and 6.6 present the infrared spectra of amorphous and 
polycrystalline Si1-xGex films oxidized at 900°C for 1.5 hours. In all the samples, the 
three distinct bands are observed in the spectra [100]. However, the shoulder left of 
the Si-O-Si stretching peak at 1070 cm-1 is no longer present. It suggests that no 
mixed oxide was formed at this present oxidation condition [102]. Hence, with 
increased oxidation temperature from 700°C to 900°C, the formation of mixed oxides 
of Si and Ge are increasingly not favored.   


























Figure 6.5: Infrared spectra of amorphous Si1-xGex, oxidized at 900°C, 1.5 hrs 
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Figure 6.6: Infrared spectra of polycrystalline Si1-xGex, oxidized at 900°C, 1.5 hrs 
 Unlike samples oxidized at 700°C and 800°C, the Si-O-Si stretching peak at 
1070 cm-1 shifted to higher frequencies with increased germanium content instead. 
This indicates that the oxide grown from the Si0.63Ge0.37 film had a better stoichometry 
and less porous than grown from the Si0.88Ge0.12 film [101, 103 - 105]. The increased 
FWHM of samples with higher germanium content showed that the oxide films were 
more stress free [106]. 
 In contrast, the variation in the germanium content in the films did not cause 
the Si-O-Si peak to shift and the FHWM to change significantly in that of the 
polycrystalline Si1-xGex films.  
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6.2 Effect of Temperature on Oxidation of Si1-xGex films 
Both amorphous and polycrystalline Si1-xGex films with various germanium 
contents were oxidized at various temperatures (700°C - 900°C) in a dry ambient for 
1 hour.  
Figures 6.7 – 6.9 display the infrared spectra for amorphous Si1-xGex films 
oxidized with the above stated conditions. Three distinct bands were observed in the 
spectra. Since the intensity of the Si-O-Si stretching peak at ∼1070 cm-1 is dependent 
on the thickness of the oxide formed, we note from Figures 6.7 – 6.9, that for the 
same oxidation conditions, oxidation at 900°C produced thicker oxide than oxidized 
at 700°C. A similar trend was noted for the Si-O-Si bond’s rocking mode at           
∼460 cm-1.  
It is also noted that with increased oxidation temperature, the resulting film 
incorporated more GeO2. This is shown by the increasingly clear peak at ∼820 cm-1 
with increased oxidation temperature.  
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Figure 6.7: Spectra of a-Si0.88Ge0.12 oxidized for 1 hr at various temperatures 
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Figure 6.8: Spectra of a-Si0.72Ge0.28 oxidized for 1 hr at various temperatures 
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Figure 6.9: Spectra of a- Si0.54Ge0.46 oxidized for 1 hr at various temperatures 
Figures 6.10 – 6.12 show the infrared spectra for polycrystalline Si1-xGex films 
oxidized at the same temperature range (700°C - 900°C) as the amorphous samples 
for 1 hour. Similar to the amorphous samples, we note that the Si-O-Si stretching peak 
had a rightwards shift with increased oxidation temperature. More analysis of this 
results are presented in Section 6.3.   
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Figure 6.10: Spectra of p-Si0.88Ge0.12 oxidized for 1 hr at various temperatures 
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Figure 6.11: Spectra of p-Si0.72Ge0.28 oxidized for 1 hr at various temperatures 
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Figure 6.12: Spectra of p-Si0.54Ge0.46 oxidized for 1 hr at various temperatures 
 
6.3 Stoichiometry of oxide grown from Si1-xGex films 
The peak positions of the Si-O-Si stretching peak for oxides grown from 
amorphous and polycrystalline Si1-xGex films were extracted from Figures 6.7 – 6.12. 
The stoichiometry of the oxide film was calculated by making use of the linear 
relationship between the stoichiometry of SiOx films and the Si-O-Si stretching peak 
position, v, where v = 1075 cm-1 at x = 2 and v = 940 cm-1 at x = 0 [103, 104]. The 
variation in the oxide stoichiometry with oxidation time is plotted in Figures 6.13 and 
6.14 for the amorphous and polycrystalline samples, respectively. 
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Figure 6.13: Oxide stoichiometry of a-Si1-xGex with respect to oxidation time 







































Figure 6.14: Oxide stoichiometry of p-Si1-xGex with respect to oxidation time 
  
 From Figures 6.13 and 6.14, it is noted that with increased oxidation time, 
oxides grown from Si1-xGex films became increasing stoichiometric. Further, an 
increase in the oxidation temperature also allowed for more stoichiometric oxide 
growth. This confirms the observation of the rightwards shift in the Si-O-Si stretching 
peak with increased oxidation temperature in Figures 6.7 – 6.12.  
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6.4 Stress of oxide grown from Si1-xGex films 
The positions of the Si-O-Si stretching peak extracted from Figures 6.7 – 6.12 
may be used to determine the oxide stress. The Si-O-Si bond angle, θ, was calculated 





where vo = 1134 cm-1 [107 - 109] and v is the center wavenumber of the Si-O-Si 
stretching mode between 1020 and 1070 cm-1. Figures 6.15 and 6.16 show the Si-O-Si 
bond angle varied with oxidation time for the amorphous and polycrystalline samples 
respectively.  
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Figure 6.15: Variation of Si-O-Si bond angle of oxide grown from a-Si1-xGex films 
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Figure 6.16: Variation of Si-O-Si bond angle of oxide grown from p-Si1-xGex films 
 Figures 6.15 and 6.16 show that the oxide strain reduces with an increase in 
the oxidation temperature or time. This is believed to be the result of compressive 
stress release after high temperature oxidation. This relaxation of strained bonds 
during high temperature annealing for thermal oxide grown on crystalline silicon had 
been previously reported by Charitat et al. [110].  
 It had been reported that strained bonds in thermal oxides could be eradicated 
by using annealing temperatures above 300°C [111]. A comparison of the Si-O-Si 
bond angles for amorphous and polycrystalline samples that have been oxidized at 
900°C revealed that the oxides formed from amorphous samples of Si1-xGex were 
more relaxed than those formed from polycrystalline Si1-xGex. 
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6.5 Oxidation rate of Si1-xGex 
The amorphous and polycrystalline Si1-xGex films (x = 0.12, 0.28 and 0.46) 
were oxidized in a dry ambient at 700°C - 900°C. Appropriate time intervals were 
selected to determine the amount of silicon dioxide formed. The oxide thickness were 
measured using a multiple angle ellipsometer, with the refractive index set to silicon 
dioxide’s value of 1.458.  
The oxide thickness versus oxidation time for amorphous and polycrystalline 
samples of Si1-xGex are shown in Figures 6.17 – 6.22. We concluded that with the 
short oxidation times used in this work, the parabolic region, which is attributed to 
diffusion controlled oxidation, was not observed.  
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Figure 6.17: Plot of oxide thickness against oxidation time for a-Si0.88Ge0.12 
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Figure 6.18: Plot of oxide thickness against oxidation time for p-Si0.88Ge0.12 
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Figure 6.19: Plot of oxide thickness against oxidation time for a-Si0.72Ge0.28 
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Figure 6.20: Plot of oxide thickness against oxidation time for p-Si0.72Ge0.28 
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Figure 6.21: Plot of oxide thickness against oxidation time for a-Si0.54Ge0.46 
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Figure 6.22: Plot of oxide thickness against oxidation time for p-Si0.54Ge0.46 
 
As observed in Figure 6.17 – 6.22, a linear relationship between the oxide 
thickness and the oxidation time exists, it suggests that the transport of oxidants 
through the oxide was sufficiently fast. As the relationship between the oxide 
thickness and the oxidation time was linear, the linear rate constants, Kp, were 
determined from the slope of Figures 6.17 – 6.22. The extracted linear rate constants 
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for the amorphous and polycrystalline Si0.88Ge0.12, Si0.72Ge0.28 and Si0.63Ge0.37 samples 
are shown in Tables 6.1 and 6.2 respectively.  
Table 6.1: Linear Rate constants of oxidation for amorphous Si1-xGex 














 Table 6.2: Linear Rate constants of oxidation for polycrystalline Si1-xGex 









Si0.54Ge0.46 700 0.41 
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800 1.5  
900 5.2 
 
 From Tables 6.1 and 6.2, we note that for a particular temperature of 
oxidation, the linear rate constants, Kp, is approximately equal. This suggested that the 
oxidation rate for the Si1-xGex is not affected by the germanium content in the samples 
during dry oxidation. In addition, we note that the linear rate constants, Kp, for the 
amorphous and the polycrystalline samples are approximately equal as well.  
 
In the Deal and Grove’s model for thermal oxidation of crystalline silicon, the 







CK AP exp*  
 
(6.2) 
where C is the pre-exponential factor, EA is the activation energy of the interfacial 
reaction, k is the Boltzmann constant, and T is the absolute temperature in Kelvin. 
The resulting plots of log (Kp) against T-1 for amorphous and polycrystalline 
samples are presented in Figures 6.23 – 6.24 respectively.  
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Figure 6.23: Plot of ln(B/A) against T-1 for amorphous samples 
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Figure 6.24: Plot of ln(B/A) against T-1 for polycrystalline samples 
It may be determined that Equation (6.2) is verified to be valid for the thermal 
oxidation of amorphous and polycrystalline Si1-xGex. The validity of the equation 
indicated that the interfacial reaction of each film was dominated by a single 
mechanism which was thermally activated.  
Using Equation (6.2), the activation energy, EA, and the pre-exponential 
factor, C, for amorphous and polycrystalline samples were calculated and presented in 
Tables 6.3 – 6.4. Tables 6.3 and 6.4 show that activation energies for all samples are 
similar. This suggests that the germanium content in the Si1-xGex did not have any 
significant effect on the dry oxidation kinetics of the films. 
Table 6.3: EA and C for amorphous Si1-xGex films 
Ge content, x Pre-exponential factor, C 
(arb. units) 
Activation Energy, EA 
(eV) 
0.12 14.1 1.25 
0.28 13.6 1.20 
0.46 13.3 1.17 
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Table 6.4: EA and C for polycrystalline Si1-xGex films 
Ge content, x Pre-exponential factor, C 
(arb. units) 
Activation Energy, EA 
(eV) 
0.12 13.9 1.22 
0.28 12.9 1.14 
0.46 13.2 1.16 
 
In addition, our results show that the initial structure of the film – whether 
amorphous or polycrystalline, had no effect on the activation energy. Within the time 
duration used for the oxidation, the oxidation rate varied linearly with time. In this 
reaction rate limited regime, diffusivity of the oxidants through the film could be 
regarded as of less significance as the reaction rate of the oxidants at the interface. 
Hence, the difference in the initial structure of the films had no effect on the 
activation energies.  
 
6.6 Summary 
It was noted that a higher oxidation temperature did not favor the formation of 
the mixture of Si1-xGexOy. The oxides were observed to be more stoichiometric with 
increased oxidation time or oxidation temperature. On the other hand, the strain 
reduced with increased oxidation temperature and time. A linear relationship existed 
between the oxide thickness and the oxidation time for the range of oxidation 
conditions used. As the activation energies of the samples with different Ge 
concentration were calculated to be similar, we concluded that the Ge content did not 
have any significant effect on the dry oxidation kinetics of the films. In addition, the 
activation energies of amorphous and polycrystalline samples were determined to be 
similar. 




Chapter Seven:  
Formation of Ge nanocrystal and its Application 
 
ry and wet oxidation of Si0.54Ge0.46 are studied for their feasibility in the 
formation of germanium nanocrystals. The Raman spectroscopy and 
transmission electron microscopy results are presented in Sections 7.2 
and 7.3, respectively. The formation of Ge nanocrystals via annealing after wet 
oxidation of the samples is presented in Section 7.4. Finally, the charge storage 
capability of the MOS device is studied using capacitance-voltage measurements.  
 
7.1 Preliminaries 
The feasibility of forming germanium nanocrystals via dry and wet oxidation 
of Si1-xGex are explored. The structure of the sample is shown in Figure 7.1. As seen, 
it consists of a layer of rapid thermally grown SiO2 that is 50 Å thick. Following 
which, a layer of Si1-xGex (100 Å) is deposited. This deposited layer of silicon 
germanium was amorphous. In order to prepare a polycrystalline layer, it was 
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7.2 Dry Oxidation of Si1-xGex films 
The structure in Figure 7.1, with a-Si0.54Ge0.46 layer was dry oxidized at 900°C 
for various times. Another sample with a a-Si0.72Ge0.28 layer was also oxidized at 
900°C for various times. The Raman study of the latter samples proved to be not 
meaningful. No discernable peaks were detected at the expected Ge-Ge and Si-Ge 
positions. This is probably due to the thin middle layer and the low Ge concentration. 
 
7.2.1 Raman Spectroscopy of Dry Oxidized Si0.54Ge0.46 films 
The Raman spectroscopy results of the dry oxidized samples with a middle 
layer of a-Si0.54Ge0.46 are shown in Figure 7.2. 


















Figure 7.2: Raman spectra of dry oxidized Si0.54Ge0.46 at 900°C at various times 
Figure 7.2 shows the as-prepared spectrum is featureless, suggesting that the 
sample is amorphous. However, in the spectra of samples, that have been oxidized for 
2 – 4 minutes, two broad peaks at ∼ 290 cm-1 and ∼ 400 cm-1, correspond to the Ge-
Ge and Si-Ge peaks [97, 98]. The Si-Ge peak disappears when the sample was 
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oxidized for more than 5 minutes. We suggest that the presence of the Si-Ge peak 
during the oxidation duration of 2 - 4 minutes was due to polycrystallization occurring 
in the remaining un-oxidized Si0.54Ge0.46 film. On the other hand, with increased 
oxidation time ( ≥ 5 min), the oxidation process superseded the polycrystallization 
process.  
In addition, the Ge-Ge peak increases in intensity and its FWHM decreases 
with an increase in oxidizing duration. Furthermore, with increased oxidation time, a 
peak shift to a higher Raman wavenumber was noted (from 288 cm-1 to 300 cm-1). 
The decrease in the FWHM and the shift of the Ge-Ge peak to a higher wavenumber 
suggest an improved crystallinity of the Ge-Ge crystals in the film with increased 
oxidation time.  
 
7.2.2 TEM image of Dry Oxidized Si0.54Ge0.46 film  
Transmission electron microscopy experiments were performed on the 
Si0.54Ge0.46 samples that have been dry oxidized for 11 minutes. The cross section 
TEM image of such a sample is shown in Figure 7.3.  
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Figure 7.3: Bright field image of dry oxidized Si0.54Ge0.46 at 900°C for 11 mins 
It can be seen that a Ge layer is sandwiched between two layers of SiO2, 
namely the rapid thermally grown oxide layer and the silicon oxide layer  from the 
oxidized Si0.54Ge0.46 layer. The germanium layer is ∼ 50 Å thick and the presence of 
lattice fringes suggested that the layer is polycrystalline. In a dry oxidizing ambient, 
germanium was expected to have segregated out of the growing silicon dioxide [7, 47, 
48]. Unlike the observation of Yoon et al, who observed the formation of germanium 
rich clusters, a continuous slab of polycrystalline germanium is observed in our 
sample. This difference is attributed to the higher germanium concentration in our 
sample as opposed to that of Yoon et al. who used films with 30% germanium 
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7.3 Raman Spectroscopy of Wet Oxidized Si0.54Ge0.46 films 
The Raman spectra of the Si0.54Ge0.46 films wet oxidized for various times are 
shown in Figure 7.4. A polycrystalline film was oxidized because we expect an 
amorphous film at the end of oxidation. Hence, the peak changes in the Raman 
spectra is used to monitor the process of oxidation. 















Figure 7.4: Raman spectra of wet oxidized Si0.54Ge0.46 at 600°C at various times 
 The Ge-Ge and the Si-Ge peaks are observed in the as-prepared film at ∼ 290 
cm-1 and ∼ 400 cm-1. Both peaks remains present in the film for samples oxidized up 
to 15 minutes. When oxidized at 600°C for 30 minutes, the Si-Ge peak in the 
spectrum disappears. This suggests that the polycrystalline Si0.54Ge0.46 layer has 
completely oxidized at this condition.  
 On the other hand, the Ge-Ge peak is observed to have shifted from ∼288 cm-1 
to 300 cm-1 with increasing annealing duration. Correspondingly, the FWHM of the 
Ge-Ge peak decreases from 27.0 to 21.1 cm-1. In samples oxidized for 30 minutes, it 
is noted that there existed a sharp peak at 300 cm-1 but with a pronounced shoulder on 
its left at lower Raman shift. A similar observation was made in a polycrystallization 
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study of Si1-xGex films [94]. The observation of this peak at 300 cm-1 also indicates 
the presence of crystalline Ge in the sample. In contrast, the spectrum of a sample that 
was oxidized for 50 minutes was featureless. This suggests that a completely 
amorphous film of SixGe1-xOy was formed. This is characteristic of wet oxidation of 
silicon germanium at low temperatures [6, 49]. 
The bright field cross section TEM image of polycrystallized Si0.54Ge0.46, 
which had been wet oxidized at 600°C for 30 minutes is shown in Figure 7.5.  
 
Figure 7.5: Bright field TEM of wet oxidized Si0.54Ge0.46 at 600°C for 30 mins 
Note that a band of amorphous material was formed, on top of the rapid 
thermally grown oxide, after the wet oxidation process. This corresponds to the 
formation of SixGe1-xOy, which is typically formed after wet oxidation of silicon 
germanium at low temperatures [6, 49]. Furthermore, the thickness of this amorphous 
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Figure 7.5 shows that an amorphous layer exists in wet oxidized Si0.54Ge0.46. 
The Raman spectrum of Figure 7.4, however, exhibits a Ge-Ge peak. This indicates 
the presence of crystalline materials in the sample. This may be attributed to the 
concurrent reduction of Ge-O bonds to elemental germanium by silicon or hydrogen 
atoms, via the chemical reactions as:  
GeO2 (s) + 2H2 (g) → Ge (s) + H2O (g) (7.1) 
GeO2 (s) + Si (s) → Ge (s) + SiO2 (s)  (7.2) 
 
During TEM imaging of the as-oxidized Si0.54Ge0.46 sample, the film was 
exposed to a high energy electron beam (300 kV). As a result of the localized heating, 
nanoparticles, as shown in Figure 7.6, are observed. 
 
Figure 7.6: Formation of nanoparticles by localized e-beam anneal 
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The time for which the electron beam was shone on the sample corresponded 
to the film’s annealing time. This duration was ~ 1.5 minutes and the localized spot 
temperature can be higher than 1000°C.   
Thus, the electron beam heating would be sufficient to anneal the middle layer 
leading to the formation of nanoparticles. Hence, due care has to be taken in imaging 
the as oxidized sample. 
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7.4 Formation of Germanium nanocrystals via annealing 
The samples, which were wet oxidized for 30 and 50 minutes, were subjected 
to rapid thermal annealing at 1000°C for 300 seconds in nitrogen ambient. The Raman 
spectra are shown in Figure 7.7. 
200 250 300 350 400 450 500
50 m in oxidized 
+ N 2 annealed 
(Sam ple B)
30 m in oxidized 
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Figure 7.7: Raman spectra of annealed samples 
 
Figure 7.7 shows the spectrum of Sample A (30 min oxidized + N2 annealed) 
showed a more distinct peak at ~ 300 cm-1, corresponding to crystalline Ge formation. 
In contrast, the spectrum of Sample B (50 min oxidized + N2 annealed) remained 
featureless despite the annealing step. This suggested that the annealing step was 
unable to form crystalline Ge for sample that had been completely oxidized. This may 
be due to the fact that the annealing temperature is not high enough to break the 
germanium oxide bonds to allow for the formation of crystalline Ge. 
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As the Raman spectrum of Sample A shows a distinct Ge peak, it is 
worthwhile to perform a TEM on Sample A. Figure 7.8 shows the bright field cross 
section image of the Sample A.  
 
Figure 7.8: TEM of wet oxidized Si0.54Ge0.46 that were rapid thermally annealed 
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Figure 7.10: TEM image of Ge nanocrystal with clear lattice fringes 
 
 As observed in Figure 7.8, nanocrystalline germanium (nc-Ge) had formed 
after Sample A was rapid thermally annealed. The largest nanocrystals have a 
diameter of ~ 10 nm in the direction perpendicular to the silicon substrate plane. 
Smaller nanocrystals are also spotted. The sandwich structure of the amorphous band 
between the RTO and the SiO2 cap had successfully confined the germanium 
nanocrystals in the direction. This is may be observed in Figure 7.9.  
 From the high resolution image in Figure 7.10, the interplanar spacing 
between the crystal planes was determined to be 0.33 Å. This corresponded to that of 
crystalline germanium. We note that the large nanocrystals are twinned, with an 
estimated twinning boundary angle of 50.5°. 
Chapter 7                                                          Formation of Ge nanocrystal and its Application 
 115 
The kinetics of the nanocrystal growth in our samples is expected to be a 
multi-step process. The annealing was carried out at 1000°C for 300 seconds. When 
the annealing temperature was above 938°C – the melting point of elemental Ge, any 
crystalline Ge in the system would melt. These germanium atoms would be expected 
to diffuse randomly and uniformly across the region between the two SiO2 layers. 
When the annealing temperature remained higher than elemental Ge’s melting point, 
neither nucleation nor crystal growth would be expected to take place as there was no 
under-cooling. Nucleation of the nanocrystals occurred only during the ramping down 
portion of the rapid thermal annealing process. Diffusion of the Ge atoms to the 
nucleation sites would then happen and there would be growth of nanocrystals. 
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7.5 Charge Storage Capability of Ge nanocrystals  
An amorphous film of Si0.54Ge0.46, with structure same as Figure 7.1, was wet 
oxidized for 600°C for 30 minutes, capped with 500 Å of SiO2 and subsequently rapid 
thermally annealed. The capacitance-voltage measurements of the sample are shown 
in Figure 7.11. 










 Initial film: p-Si0.54Ge0.46

















Figure 7.11: Anticlockwise hysteresis observed in C-V measurements (Sample A) 
  
From the anticlockwise hysteresis observed in the capacitance-voltage results 
for devices fabricated on a p-type substrate, we note that either electrons or holes are 
trapped in our samples.  
From Figure 7.11, if one assumes that a nanocrystal would store one charge, 
there would be 1.5 x1012 nanocrystals per cm2.  
Another sample was wet oxidized for 50 minutes and rapid thermally annealed 
at 1000°C for 300 seconds in nitrogen ambient. The C-V characteristic of such a 
sample is shown in Figure 7.12. The C-V curve displayed no hystersis.  
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Figure 7.11: No hystersis observed in C-V measurements (Sample B) 
 
 Although no TEM image of Sample B was available, the Raman spectroscopy 
results (see Figure 7.7) suggested the absence of crystalline material in the structure. 
Hence, we conclude that the presence of nanocrystals is fundamental in order to have 
charge storage in the system. 
 
7.6 Summary 
Observation of TEM results revealed that dry oxidation of Si0.54Ge0.46 film 
would result in the formation of a Ge rich layer under the growing SiO2. Conversely, 
wet oxidation of the sample would yield an amorphous layer of Si1-xGexOy. Annealing 
the amorphous layer would lead to the formation of Ge nanocrystals. The nanocrystals 
were demonstrated to exhibit charge storage capability. 




Chapter Eight:  
Conclusions 
8.1 Summary of Findings 
  A polycrystallization study of amorphous Si1-xGex films (x = 0.12, 0.28, 0.46), 
was carried out using X-ray diffraction. For samples which had been annealed for 24 
hours, a higher furnace annealing temperature lead to a quicker polycrystallization 
process. We also observed that the films with higher germanium content would 
crystallize faster. 
 The degree of crystallization in our films was investigated using a Avrami 
plot. We conclude that the impurity drag effect is a significant factor in the 
crystallization process of the films. We have, however, observed the presence of 
argon atoms in the films, which may retard the polycrystallization processes.  
 The Raman results confirm the results of XRD study in that films with a fixed 
germanium content, increased annealing duration lead to a faster degree of 
crystallization. For a fixed annealing condition, samples with higher germanium 
content resulted in faster crystallization. Our Raman results fitted better to that of a 
fully relaxed bulk alloy and therefore, we suggested that our polycrystalline Si1-xGex 
films are strain free. 
 From the oxidation kinetics study of Si1-xGex films, we learnt that a higher 
oxidation temperature did not favor the formation of the mixture of Si1-xGexOy. With 
increasing oxidation time or oxidation tempeature, the oxides were more 
stoichiometric and the strain reduced with increased oxidation temperatures and time.  
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 Within the oxidation conditions used in this work, it was learnt that a linear 
relationship existed between the oxide thickness and oxidation time. The films' 
germanium content did not have any significant effect on the dry oxidation kinetics of 
the films as the activation energies of the samples with different Ge concentration 
were determined to be similar. The activation energies of amorphous and 
polycrystalline samples were found to be similar.  
 The transmission electron microscopy (TEM) results of dry oxidized 
Si0.54Ge0.46 film revealed a Ge rich layer under the growing SiO2. On the other hand, 
wet oxidation shown an amorphous layer of Si1-xGexOy.  
 From our capacitance versus voltage measurements, the observation of 
hystersis corresponded to the presence of nanocrystals in TEM results, we thus 
confirm that the presence of nanocrystals is fundamental for the system to have 
charge storage property. 
 
8.2 Recommendations 
Extended Oxidation after Ge Slab formation 
 Figure 7.3 shows that Si0.54Ge0.46, films that had been dry oxidized for 11 
minutes formed a polycrystalline germanium slab between the rapid thermally grown 
oxide and the cap oxide. It may be interesting to study the behavior of the Ge slab 
under prolonged oxidation. Extended dry or an additional wet oxidation step may be 
used to study the stability of the slab. It may be possible to form mixed oxides of 
germanium and silicon upon extended oxidation. Following which, an annealing step 
may be utilized to form germanium nanocrystals. 
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Change of Annealing Conditions 
The rapid thermally annealing conditions may be varied to study its effect on 
the germanium nanocrystal formation. Different ambients such as using argon or 
forming gas (10% H2 + 90% N2) may be used. Likewise, the annealing temperature 
may be varied.  
 
Electron-Beam Lithography for Nanocrystal definition 
 It may be feasible to use electron beam lithography to facilitate the transfer of 
a regular pattern onto a layer of silicon germanium. Regular and isolated silicon 
germanium islands may then be formed. The islands may then be oxidized and 
subsequently annealed to form germanium nanocrystals. In contrast to the present 
technique that utilizes the self assembly process via the diffusion and nucleation 
process, this method may allow for complete three dimensional control of 
nanocrystals.  
 
Fabrication of MOS device 
 A metal oxide semiconductor (MOS) transistor structure may be fabricated to 
study the germanium nanocrystal’s retention time. This may be done via capacitance-
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